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GENERAL INTRODUCTION 
During the last two decades the human hair follicle has attracted 
attention as a suitable biopsy tissue for biomedical research. Besides 
studies dealing with specific aspects of the hair Itself (ilice aberrations 
of the hair and abnormalities of hair growth), the hair follicle Is now 
frequently used for diagnosis and medical research In general. The 
refinement of laboratory techniques allows the use of minute tissue samples, 
like hair follicles. The hair follicle has obvious advantages: It can be 
Isolated without appreciable harm to the donor, the hair will grow again In 
due course and there Is no substantial risk for Infections. As a consequence 
there Is no need for qualified medical personnel. A survey of the use of the 
human hair follicle In biomedical research Is given below. 
I. MEDICAL DIAGNOSIS 
The hair follicle Is mainly used for the diagnosis of Inborn errors of 
metabolism. These are genetically determined enzyme malfunctions leading to 
a partial or total blockade of a metabolic route and often resulting in a 
pathological situation. In these disorders two main types of inheritance can 
be observed: 
(A) Autosomal recessive inheritance. The mutant gene coding for the 
defective enzyme can be located on any chromosome, apart from the X- or 
Y-chromosome. Homozygotes in these autosomal recessive enzyme disorders 
necessarily manifest the clinical features corresponding to the disease and 
can be diagnosed biochemically by an appropriate enzyme determination. 
Heterozygotes, however, are only detectable on the basis of biochemical 
parameters, since they are phenotypically normal. The detection of these 
carriers may be of importance for genetic counselling since parents, if both 
are carriers, have a 1 to 4 chance of conceiving a child suffering from such 
an enzyme disorder. The hair follicle has already proven to be a suitable 
enzyme source for the detection of several autosomal recessive enzyme 
deficiencies (Table 1) and can replace invasive biopsy specimens. 
B) X-linked recessive inheritance. Inborn errors of metabolism with a 
recessive X-linked mode of inheritance have the information coding for the 
defective enzyme situated on the X-chromosome. Male individuals, possessing 
only one X-chromosome per cell, will have a 50% chance of suffering from 
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TABLE 1. Enzymes deficient In autosomal recessive disorders, detectable 
with the human hair follicle. 
* Adenine phosphoribosyl transferase [1] 
* Tyrosinase [2] 
* a-L-lduronldase [3] 
* Galactosidase-1-phosphate uridyl transferase [4] 
* Sphingomyelinase [5] 
* Proplonyl-coA decarboxylase [6] 
* Pyruvate decarboxylase [6] 
* L-ornlthlne ketoacld transaminase [7] 
such an enzyme deficiency If the mother Is heterozygous for the enzyme 
deficiency. In female carriers, possessing two X-chromosomes per cell, only 
one of the X-chromosomes will be expressed, the other one Is being 
Inactivated. This phenomenon was first described by Lyon [8] and Is often 
referred to as lyonlsation. If this Inactlvatlon occurs at random, there 
will be a 50% chance that a given cell of a female carrier will express the 
normal or mutant gene. In heterozygous females overlap of enzyme activities 
with normal Individuals will occur In the usual biopsy tissues (like blood 
samples). However, measurement of enzyme activities In single cells or cell 
clones will present a mosaic of normal and deficient values, due to 
lyonlsation. Since most human hair follicles are of clonal origin, the 
chance Is high that only the paternal or the maternal X-chroraosome Is 
transcribed in an Individual hair follicle [9]. Enzyme determinations in a 
sufficient number of single hair follicles of heterozygous females therefore 
presents the above-mentioned mosaicism and reveals the carrier status of 
females. Table 2 gives a résumé of recessive X-linked diseases that can 
already be detected with the human hair follicle. 
TABLE 2. Enzymes deficient In X-llnked recessive disorders, detectable 
with the human hair follicle. 
* Hypoxanthine-guanine-phosphoribosyl transferase [10,11] 
* Glucose-6-phosphate dehydrogenase [12,13] 
* o-Galactosidase [14,15] 
* Iduronate sulfatase [16,Π] 
* Steroid sulfatase [18,19] 
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II. MALIGNANT EPITHELIAL CELL TRANSFORMATION 
Cancer is nowadays one of the major causes of death In modern 
civilization (Table 3). The development of most human malignancies is 
influenced by exogenous factors, including industrial compounds, naturally 
occurring carcinogens (e.g. aflatoxin Bl, a potent hepatocarcinogen, is 
produced by a fungus), radiation, personal habits and lifestile (alcohol 
consumption, cigarette smoking, diet). Worldwide cancer statistics figure 
that probably up to 80% of all tumors are environmentally caused [20]. 
However, genetic factors also play a role In the carcinogenic process 
leading to neoplasia. This is demonstrated by the fact that some families 
show an increased occurrence of certain types of tumors of the respiratory 
tract, breast and uterus [21,22] and that some rare forms of tumors are even 
Inherited according to pure mendelian genetics. For example Xeroderma 
pigmentosum is inherited in an autosomally recessive way [23] and Gardner's 
syndrome (a type of colon cancer in combination with soft tissue tumors 
[24]) and retinoblastoma (a tumor generated in the optic nerve [25]) are 
Inherited in an autosomally dominant way. 
Major environmental pollutants, like polycycllc aromatic hydrocarbons 
TABLE 3. Mortality for leading causes of death. United States - 197Θ [26] 
RANK CAUSES OF DEATH NUMBER OF DEATHS % OF TOTAL DEATHS 
1 Heart diseases 729,510 37.θ 
2 Cancer 396,992 20.6 
3 Cerebrovascular diseases 175,629 9.1 
4 Accidents 105,561 5.5 
5 Pneumonia & Influenza 58,319 3.0 
6 Obstructive lung diseases 50,488 2.6 
7 Diabetes mellitus 33,841 1.8 
8 Cirrhosis of the liver 30,066 1.6 
9 Arteriosclerosis 28,940 1.5 
10 Suicide 27,294 1.4 
(PAH; generated in processes of incomplete combustion and as such present in 
cigarette smoke ) are metabolized upon entry in the mammalian cell to 
water-soluble excretable compounds. However, in the course of this metabolic 
process, these xenobiotics can be activated to potent carcinogens (often 
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referred to as 'ultimate carcinogens') which can covalently bind to cellular 
constituents. The binding to cellular macromolecules, especially DNA, is 
believed to be a crucial step in the initiation of chemically induced cell 
transformation, which may ultimately lead to the formation of a tumor. The 
complexity of the metabolic inactivation/activation pathway can be 
demonstrated with a scheme of the metabolism of benzo(a)pyrene, a widely 
used model substance for studies on polycycllc aromatic hydrocarbon-induced 
chemical carcinogenesis (Figure 1). The delicate balance of all enzymes 
involved in this pathway will directly determine the relative amount of 
'ultimate carcinogens' in the cell and may therefore influence the formation 
of neoplasias. 
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Main metabolic pathway of benzo(a)pyrene in the mammalian cell [27]. MFO « 
mixed function oxidases, NE = non-enzymatic, EH = epoxide hydrolase, GSH-T -
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ft relationship between the genetically determined activity of certain 
polycycllc aromatic hydrocarbon-metabolizing enzymes and tumor development 
could be clearly demonstrated In inbred strains of mice. The induction ratio 
(induced level/basal level) of the first enzyme involved in the metabolism 
of polycycllc aromatic hydrocarbons (a mixed function oxidase, better known 
as aryl hydrocarbon hydroxylase (ftHH)) after pretreatment with 
benz(a)anthracene (a PAH) could be correlated positively to the incidence of 
fibrosarcomas, after subcutaneous Injection of 3-methylcholanthrene [28]. 
Mice strains with a high inducibility ratio of the enzyme aryl hydrocarbon 
hydroxylase possessed the highest susceptibility to the development of 
subcutaneous tumors after administration of polycycllc aromatic 
hydrocarbons. These results make it tempting to speculate that also in 
humans genetically determined differences in the basal or induced activities 
of metabolic enzymes exist, which are causally related to a higher or lower 
susceptibility to tumor development. This remains up till now an open 
question, due to conflicting reports in the literature [29,30]. Recently 
undertaken enzyme studies on peripheral lymphocytes from patients with 
bronchogenic carcinoma versus age-matched controls point to a higher 
inducibility of aryl hydrocarbon hydroxylase in lymphocytes of lung cancer 
patients [31]. However, It can be argued that these data are from patients 
with an established malignancy and could simply reflect a consequence of the 
disease. Moreover, the data are obtained on a biopsy tissue not involved in 
smoking-dependent tumor formation (90% of all human tumors, including lung 
cancer, are of epithelial origin; i.e. carcinomas). 
It is therefore necessary to further investigate the metabolism of 
carcinogens and the interrelationship of the enzymes involved, 
preferentially with an easily obtainable human biopsy tissue of epithelial 
origin, to determine a possible genetically determined enzymatic basis in 
the development of malignancies. The hair follicle has been suggested as a 
suitable biopsy tissue [32], since 
1. it is of epithelial origin 
2. it can be isolated from a large number of subjects, to study individual 
differences in the process of cell transformation. 
3. it can be cultured without the interference of other cell-types [33], and 
can therefore be used to study the effect of enzyme induction on 
carcinogen metabolism. 
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III. ABNORMAL EPITHELIAL DIFFERENTIATION 
Epithelial cells form the lining of the skin, respiratory system, 
gastrointestinal tract and glandular tissues. The human epidermis, as a 
major surface epithelium, plays an important role as a barrier to prevent 
xenobiotics entering the human body. The epidermis is predominantly composed 
of epidermal keratinocytes and it is characterized by a continuous 
generation of cells from the basal cell layer (directly adjacent to the 
dermis and composed of undifferentiated mltotlcally active keratinocytes). 
These cells will stratify and terminally differentiate as they move further 
away from the basal cell layer, eventually leading to the stratum corneum 
(the top layer In the epidermis, consisting of highly keratinized dead 
cells), which Is continuously shed. Several forms of abnormal 
differentiation in thew epidermis and epidermal appendages (such as the hair 
follicle and the sebaceous gland) can be observed leading to pathological 
situations, in which often inflammation is involved. Disorders of 
differentiation are for example psoriasis, ichthyosis, acne, alopecia and 
hirsutism. In several of these disorders a biochemical and genetic basis is 
not evident and the initial event leading to the abnormal differentiation 
needs further elucidation. 
Psoriasis is a skin disease, characterized by the formation of 
erythematous plaques in the skin with on top scales, and one of the 
histological characteristics is a hyperprollferation of epidermal cells in 
the involved skin (a 3 to 4 times higher mitotic rate can be observed [34]). 
A clearcut enzymatic basis underlying the onset of this abnormal pattern of 
differentiation is not evident. The occurrence of psoriasis within certain 
families suggests the existence of a genetic basis, but it can not be 
attributed to a single gene. Psoriasis is not a subject of investigation in 
the present thesis, but the use of the hair follicle in the elucidation of 
this disorder is being described in another thesis of the Reseach Unit for 
Cellular Differentiation and Transformation [35]. 
The ichthyoses are a group of dermatoses characterized by an increased 
stratum corneum thickness, resulting in ichthyotic scales. In this group of 
dermatoses a genetic basis can often be demonstrated and on the basis of 
mode of inheritance and further clinical appearance four major forms can be 
distinguished [36]. In one of these forms, recessive X-linked Ichthyosis, 
the mode of inheritance and biochemical basis of the disease is known. This 
disorder is caused by a deficiency of the enzyme steroid 
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sulfatase [ЗТ.Зв]. The defect results In altered ratio of cholesterol / 
cholesterol sulfate In the stratum corneum cell membranes, leading to an 
Increased cohesion of the stratum corneum cells and subsequent scaling of 
the skin. In all other forms of ichthyosis the biochemical basis needs still 
to be elucidated. 
Acne, alopecia and hirsutism are disorders which develop in appendages 
of the skin (I.e. the pllosebaceous units). In acne a hyperkeratlnlzatlon 
and obstruction of the pllosebaceous duct can be observed together with an 
increased secretory activity of the sebaceous glands, leading to an 
inflammation in and around the glands. In alopecia and hirsutism a 
cosmetically undesired differentiation of terminal hairs into vellus hairs 
and vice versa is observed. The exact biochemical nature of these phenomena 
is still not solved, but it is well known that steroids, especially 
androgens, have a direct influence on these conditions. This can be 
illustrated by the fact that prepubertally castrated males (eunuchs), 
lacking the normal rise of androgens at puberty, never develop acne or 
androgenetic alopecia [39]. Furthermore, male pseudohermaphrodites, having 
low levels of active androgens (especially 5a-dlhydrotestosterone (DHT)), 
caused by a deficiency of the enzyme 5a-reductase, also never develop 
these androgen-dependent disorders [40]. In the skin specific metabolism of 
the androgens is observed, analogous to another target tissue of androgens, 
the prostate [41]. The conversion of the major circulating androgen. 
testosterone, to dihydrotestosterone by the enzyme 5a-reductase (Figure 2) 
Is generally believed to produce the active androgen, exerting specific 
effects in the target tissue. In acne and androgenetic alopecia an elevated 
formation of dihydrotestosterone in the skin of patients has been documented 
and it is hypothesized that this elevation is causally related to the onset 
of these disorders [42,43]. One of the pharmacological approaches in the 
treatment of these disorders is the development of potent antiandrogens, 
blocking the adverse effects of dihydrotestosterone in the target tissue. 
It Is clear that the human hair follicle can be used as an easily 
obtainable human model of epithelial origin to investigate the relation 
between biochemical processes (such as steroid metabolism) and these 
disorders. Moreover, the cultured human hair follicle keratinocytes may 
serve as a model to elucidate the basic mechanisms in these disorders on a 
morphological and biochemical basis. It has already been demonstrated that 
several steroid metabolizing enzymes are present in hair follicle 
keratinocytes and hair follicle keratinocytes obtained from patients with 
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FIGURE 2 . 
Metabolism of testosterone in the human skin. 5oR « 5a-reductase, Π θ— 
HSD » Π ß-hydroxysteroid dehydrogenase, За-HSD = За-hydroxysteroid 
dehydrogenase, 3ß-HSD = 3ß-hydroxysteroid dehydrogenase. 
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acne or ichthyosis show an aberrant morphology in culture [44]. 
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INTRODUCTION TO THE CHAPTERS 
The hair follicle Is a non-Invasive biopsy tissue which can be 
utilized for biomedical research. In earlier work freshly isolated hair 
follicles have been used for the detection of inborn errors of metabolism 
and especially for the identification of carriers of these disorders. The 
recently developed techniques for culturlng hair follicle keratinocytes 
renders the hair follicle an appropriate in vitro human model of epithelial 
origin for biochemical and morphological studies on cellular differentiation 
and transformation. 
In Part 1 of this thesis the biochemistry and morphology of the hair 
follicle and cultured hair follicle keratinocytes, as far as relevant for a 
proper performance of enzymological studies, is described (Chapter 1). Some 
enzymes are present In the cytosol fraction, other ones In the microsomal 
fraction. Many enzymes responsible for Inborn errors of metabolism that have 
been detected In hair follicles in the last ten years are cytosolic enzymes. 
Phosphoglycerate kinase Is also a cytosolic protein, but a method for the 
determination of this enzyme in hair follicles had never been developed. 
Such an assay is described in Chapter 2. In this Chapter It Is also shown 
that phosphoglycerate kinase deficiency , a recessive X-linked enzyme 
disorder, can be detected in the hair follicle, a fact that will make 
carrier detection much easier. 
In Part 2 attention is focussed on the hair follicle as a biopsy 
tissue for enzymological studies on the metabolism of polycycllc aromatic 
hydrocarbons In relation to the individual susceptibility to polycycllc 
aromatic hydrocarbon-induced malignancies. Benzo(a)pyrene metabolism was 
used as a model system in most of our studies. Three enzymes play a major 
role in carcinogen metabolism in epithelial tissue: aryl hydrocarbon 
hydroxylase (АНН), epoxide hydrolase (EH), both microsomal enzymes and 
glutathione transferase (GSH-T), a cytosolic enzyme. Individual enzyme 
assays, however, do not take into account the complexity of benzo(a)pyrene 
metabolism and for that reason a method was developed for the determination 
of all major organic solvent-soluble metabolites of benzo(a)pyrene in hair 
follicles and hair follicle keratinocytes (Chapter 3). With this technique 
the total balance of metabolic enzymes in bronchial epithelium (a primary 
target tissue, most often affected by chemically induced tumors) was 
investigated in comparison to that in hair follicles and hair follicle 
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keratinocytes (Chapter 4). Although the whole spectrum of organic 
solvent-soluble metabolites could be determined, no information was obtained 
on the conjugation pathways, leading to water-soluble products. Therefore, 
an assay was developed for the determination of glutathione-transferase In 
small amounts of tissue, with a PAH as substrate (4,5-dihydro-epoxy 
benzo(a)pyrene: Chapter 5). Individual differences of the glutathione 
transferase activities were determined In human hair follicles and the 
inducibility of this enzyme was also investigated (Chapter 6). In Chapter 7 
the Interindlvidual variation in the formation of phenolic- and dihydrodlol-
metabolites of benzo(a)pyrene, as a reflection of the activities of two main 
metabolic enzymes in the cell (i.e. aryl hydrocarbon hydroxylase and epoxide 
hydrolase), was investigated in order to obtain a better insight into the 
correlation between both metabolic routes in the human epithelium. 
In Part 3 the use of hair follicles as biopsy tissue for the 
investigation of basic mechanisms underlying abnormal epithelial 
differentiation is described. In recessive X-linked ichthyosis, a disorder 
of abnormal epithelial differentiation, a clearcut enzymatic basis of the 
disease is known. I.e. deficiency of steroid sulfatase. A reported 
simultaneous deficiency of arylsulfatase С suggested that both enzymes are 
identical. However, in hair follicles of patients with recessive X-linked 
ichthyosis, only a deficiency of steroid sulfatase could be detected. These 
findings suggest the existence of two different enzymes. In Chapter β 
structure-activity studies are performed to elucidate this biochemical 
discrepancy in the literature concerning recessive X-linked ichthyosis. 
Another example of a disorder resulting from abnormal epithelial 
differentiation is acne. Androgens are known to influence this disorder and 
much research has been devoted to a search of effective antiandrogens for 
the treatment of this disorder. In Chapter 9 three existing antiandrogens 
are compared with regard to their effect on androgen metabolism (determined 
in hair follicles), their Interaction with the androgen receptor (determined 
in cultured genital skin fibroblasts) and their effect on histological 
parameters in an animal model (the hamster flank organ test). The predictive 
value of these three models for the pre-screening of new antiandrogens Is 
demonstrated on the basis of the known clinical effects of the above 
mentioned existing antiandrogens. An increased local formation of 
dihydrotestosterone has been claimed to be causally related to the 
development of acne and androgenetic alopecia. The exact localizaton within 
a specific substructure of the human skin of the enzyme(s) involved in the 
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increased androgen metabolism was up till now unknown. Therefore, 
testosterone metabolism was Investigated in semi-thin human skin slices, 
also allowing histological characterization. In this way fractions enriched 
in epidermis, dermis, sebaceous glands and sweat glands were obtained and 
the metabolism was compared to that in two culturable types of skin cells, 
i.e. (hair follicle) keratinocytes and fibroblasts. The results are 
discussed in view of the above-mentioned hypothesis that increased steroid 
5a-reductase activity and subsequent formation of dihydrotestosterone are 
causally related to the development of acne and androgenetic alopecia 
(Chapter 10). 
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PARTI 
DESCRIPTION OF BIOCHEMICAL AND MORPHOLOGICAL ASPECTS OF THE HUMAN HAIR 
FOLLICLE AS A BIOPSY TISSUE FOR ENZYMOLOGICAL STUDIES 

CHAPTER 1 
MORPHOLOGICAL AND BIOCHEMICAL CHARACTERISTICS OF THE HUMAN HAIR 
FOLLICLE AND CULTURED HAIR FOLLICLE KERATINOCYTES 
THE HUMAN HAIR FOLLICLE 
Hair follicles, sebaceous glands and sweat glands are appendages of 
the skin and are formed during embryonic development as a downgrowth of 
cells from the epidermis Into the dermis. The hair follicle with the 
sebaceous gland that develops along the side Is referred to as the 
pllosebaceous unit. The hair shaft and the Inner root sheath develop from a 
small cluster of mltotically active cells, the germinal matrix, which Is 
fitted over a papilla of dermal tissue (dermal papilla), containing a rich 
plexus of blood vessels and nerves. The other parts of the hair, except the 
outer root sheath develop from these cells (Figure 1). A human hair does not 
grow Indefinitely, but Is arrested periodically. After a period of hair 
growth and active proliferation (anagen phase, 3-5 years), the hair 
degenerates (catagen phase, a turnover from proliferation to dormancy)and 
will finally fall out (telogen phase). At this stage a new hair will develop 
and the cycle will start again. The majority of hairs present on the human 
scalp are in the anagen phase (+ 80%) and these hairs are used in biomedical 
research. Upon plucking with a pair of tweezers an anagen hair should 
contain the hair shaft with a clearly visible hair follicle, consisting of 
the inner root sheath and a large part of the outer root sheath and 
furthermore the upper part of the bulb, devoid of the dermal papilla. Such 
an obtained hair follicle can be referred to as a biopsy tissue of pure 
epithelial origin. 
HAIR FOLLICLE KERATINOCYTES IN CULTURE 
The recently developed culture dish, Epicult, makes it possible to 
culture human hair follicle keratinocytes on a basement-like substrate (the 
bovine lens capsule, the natural growth substrate for lens epithelial cells) 
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without the need and interference of other cell-types [1]. Figure 2 
illustrates stepwise the procedure for preparing and use of the Epicult for 
culturing hair follicle keratinocytes. After an initial formation of a 
monolayer of polygonal cells, the culture will further develop into several 
layers of thickness, near the hair follicle (Figure 3). 
FIGURE 1 
A schematic representation of the follicle. 
Biochemical analysis has revealed that cultured hair follicle cells 
synthesize the same set of polypeptides as freshly isolated hair follicles 
[2,3]. Morphological evaluation of cultured hair follicle keratinocytes by 
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FIGURE 2. 
Series of pictures showing stepwise the procedure for mounting the Epicult 
dish for the use of culturing hair follicle keratinocytes. 
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light and electron microscopy reveals that cells in the upper layers of such 
a culture tend to stratify and differentiate into an epidermis-like fashion. 
However, some features of terminal differentiation in epidermis in vivo, 
including stratum corneum formation cannot be observed [4]. This is further 
confirmed by the absence of high molecular weight keratins (67 kilodalton) 
in hair follicles. 
However, a recent adaptation of this culture technique (the Dermocult) 
FIGURE 3 
Phase contrast microscopical picture of hair follicle keratlnocytes 1 week 
(A) and 3 weeks (B) in culture. 
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facilitates a further differentiation of hair follicle keratlnocytes, 
resulting In several layers of densely packed corneocytes resembling the 
epidermal stratum corneum [5]. 
Enzymological studies are usually performed with confluent Epicult 
cultures of hair follicle keratlnocytes (3-4 weeks of age). In case of short 
term incubations the culture medium Is carefully removed and the culture is 
rinsed with an isotonic salt solution, after which the culture can be 
scraped from the culture dish and transferred to an appropriate incubation 
medium. Long term incubations (for example induction of xenobiotic-
metabolizing enzymes) are preferentially performed in the culture dish in 
the presence of culture medium to retain the vitality of the cell culture. 
ENZYME ASSAYS IN HAIR FOLLICLE CELLS 
The enzymes present in hair follicles can be grossly divided into 
cytosollc and microsomal (membrane-bound) enzymes. A maximal extraction of 
water-soluble proteins (including the cytosollc enzymes) can be achieved by 
disrupting the hair follicle cells with five cycles of freezing (-20 'c) and 
thawing (room temperature) in a small volume [2]. This procedure can best be 
performed In 0.1 % bovine serum albumin, to prevent loss of enzyme activity 
due to proteolytic activity. The resulting hair follicle lysate can be 
subsequently centrifuged (15.000 g) and aliquots of the supernatant fraction 
(containing the cytosollc enzymes) can be added to an appropriate incubation 
medium (optimal pH, substrate and cofactors) to determine the desired 
cytosollc enzyme activity. 
The microsomal enzymes are most often determined in whole hair 
follicles. In this case freezing/thawing can be used to facilitate the 
penetration of the substrate Into the hair follicle cells. Important 
membrane-bound enzymes that can be determined in human hair follicles are 
involved In the metabolism of xenobiotics (e.g. mixed function oxidases [6] 
and epoxide hydrolase [7]) and steroids (e.g. 5a-reductase [B] and steroid 
sulfatase [9]). 
Cultured hair follicle keratlnocytes are treated in a similar way for 
the determination of cytosollc or microsomal enzyme activities. Cytosollc 
enzyme activity is determined in the lysate of hair follicle keratlnocytes 
(3-4 weeks in culture), scraped from the culture dish and microsomal enzyme 
activity is determined in the total cell culture. 
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CORRECTION FOR DIFFERENCES IN HAIR FOLLICLE SIZE AND QUALITY 
Plucked hair follicles or cultured hair follicle keratinocytes (and 
also other biopsy tissues) contain variable amounts of viable cells and a 
correction is therefore needed for the exact quantification of enzyme 
activity in this type of biopsy tissue. The often used protein determination 
as a reference in other biopsy tissues is not suitable as a reference for 
hair follicle cell quantity, since only 10% of the total protein content in 
hair follicles can be attributed to the viable cells, in which the major 
enzyme activity is registered [2]. A convenient reference for the amount of 
viable cells in plucked hair follicles is their DNA content (since the 
amount of DNA is fairly constant per viable mammalian cell; 6-8 pg). 
Therefore a rapid assay for DNA in small amounts of tissue specimens, such 
as hair follicles, has been developed [10]. This technique even allows the 
determination of DNA content in fractions of single hair follicles. 
Another way of correcting for individual differences in hair follicle 
size is the determination of a second (reference) enzyme. In this case both 
enzymes should be preferentially have the same distribution in the hair 
follicle, since no guarantee can be offered that all different parts of the 
hair follicle are equally extracted upon plucking [11]. 
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CHAPTER 2 
PHOSPHOGLYCERATE KINASE DEFICIENCY: 
BIOCHEMICAL STUDIES ON HAIR FOLLICLES 
SUMMARY 
A fluorimetrie procedure for the determination of phosphoglycerate 
kinase In single human hair follicles Is described. Enzyme studies on 
different parts of hair follicles after dissection show that the 
distribution of glucose-6-phosphate dehydrogenase matches that of 
phosphoglycerate kinase. Glucose-6-phosphate dehydrogenase can therefore be 
used as a reference enzyme to compensate for differences In hair follicle 
sizes. It was shown that the variation In the values found in Individual 
hair follicles Is lowered by relating phosphoglycerate kinase to glucose-6-
phosphate dehydrogenase activity. In areas of the world where glucose-6-
phosphate dehydrogenase deficiency occurs frequently, an autosomally 
Inherited reference enzyme may be preferred. It is shown that 6-phospho-
gluconate dehydrogenase Is useful In this respect. Upon storage a gradual 
drop In the activity of all three enzymes was observed, but the rate of 
decrease was about equal: the enzyme activity ratio was, therefore, almost 
unaffected for a period of one week. This allows the determination of 
phosphoglycerate kinase even in mailed hair follicles. 
INTRODUCTION 
Phosphoglycerate kinase (EC 2.7.2.3) deficiency is a recessive 
X-linked inborn error of metabolism which may lead to haemolytlc anemia and 
mild mental retardation [1,2]. In this respect the disorder resembles 
another inborn error of metabolism, glucose-6-phosphate dehydrogenase 
deficiency, better known as favlsm [3]. Diagnosis of hemlzygotes with 
phosphoglycerate kinase deficiency is possible by the quantitative assay of 
the enzyme in erythrocytes [4]. However, female heterozygotes may escape 
detection since overlap between heterozygous, homozygous and hemlzygous 
individuals occurs [1]. In clones of cultured fibroblasts derived from a 
female, heterozygous for phosphoglycerate kinase deficiency, a mosaic of 
phosphoglycerate kinase deficient and normal values was measured, whereas a 
reference enzyme displayed normal activities in the cells [5]. Suspected 
carriers can be screened using this approach. Unfortunately, this is not 
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very practical since it is relatively time-consuming and expensive. The 
above mentioned experiments demonstrate, however, that the information for 
the enzyme phosphoglycerate kinase is present on that part of the 
X-chromosome undergoing lyonisation (lyonlsation means that per cell only 
the paternal or maternal X-chromosome is expressed [6]). Since most human 
hair follicles are of clonal origin, hair follicles will in this respect 
behave as cell clones [7]. Hair follicles have already been shown to be 
convenient tissue specimens for detection of several other X-linked enzyme 
deficiencies [8,9,10]. 
In the present paper we describe a quantitative assay for phospho­
glycerate kinase in single hair follicles, which fulfils the criteria for 
the above-mentioned purpose. 
MATERIALS AND METHODS 
Chemicals 
Glucose-6-phosphate, 3-phosphoglyceric acid, adenosine triphosphate 
(ATP), nicotinamide adenine dinucleotide (reduced form) (NADH), nicotinamide 
adenine dinucleotide phosphate (NADP+), glyceraldehyde phosphate 
dehydrogenase, 6-phosphogluconate and 6-phosphogluconate dehydrogenase were 
obtained from Boehringer (Mannheim, FRG). 2-amlno-2-methyl-l,3-propanediol, 
ethylenedlaraine tetra-acetlc acid (EDTA), Tris(hydroxymethyl)aminomethane, 
Triton Xioo and bovine serum albumin were obtained from Sigma (St. Louis, 
USA). Magnesium chloride was obtained from Merck (Darmstadt, FRG). 
Enzyme assays 
Human hair follicles were plucked at random from several areas of the 
scalp; those with a visible bulb and sheath (anagen phase) were cut off just 
above the sheath and immersed in 55 yl Triton Xioo (0.1 g/1) for 60 
minutes at room temperature. Allquots (15 μΐ) of the hair follicle lysate 
were used for the phosphoglycerate kinase, glucose-6-phosphate dehydrogenase 
and б-phosphogluconate dehydrogenase assay. 
The assay procedure for phosphoglycerate kinase was essentially the 
same as described by Beut1er [3]. The reaction was started by addition of 15 
μΐ hair follicle lysate to a 100 vl incubation mixture, containing 0.3 
mol/1 Tris-HCl (pH 7.0), 10 mmol/1 magnesium chloride, β mmol/1 ATP 
(neutralized), 100 mmol/1 3-phosphoglycerate, 1 mmol/1 NADH and 4000 units/1 
glyceraldehyde phosphate dehydrogenase. After an incubation period of 20 
minutes at 30 "C, the reaction was terminated by addition of Θ00 μΐ 0.02 
mol/1 sodium hydroxide. The conversion of NADH to NAD+ was determined by 
fluorescence spectroscopy at an excitation wavelength of 350 nm and an 
emission wavelength of 460 nm. 
The glucose-6-phosphate dehydrogenase assay and the 6-phosphogluconate 
dehydrogenase assay were essentially the same as described earlier [10]. In 
the glucose-6-phosphate dehydrogenase assay 15 μΐ hair follicle lysate was 
added to 130 μΐ incubation mixture containing 0.1 mol/1 
2-amino-2-raethyl-l,3-propanedlol (pH 8.6), 20 mmol/1 glucose-6-phosphate, 
2.5 raraol/1 magnesium chloride, 10 mmol/l NADP+, 0.5 ramol/1 EDTA, 0.5 g/1 
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bovine serum albumin and 300 mllll-units б-phosphogluconate dehydrogenase. 
In the 6-phosphogluconate dehydrogenase assay 15 μΐ hair follicle lysate 
was added to 130 yl incubation mixture containing 0.1 mol/1 2-amino-
2-methyl-l,3-propanedlol (pH 8.6), 10 ramol/1 6-phosphogluconate, 2.5 mmol/1 
magnesium chloride, 5 mmol/l NADP+, 0.5 mmol/1 EDTA and 0.5 g/1 bovine serum 
albumin. After an incubation period of 60 minutes at 37 0C both reactions 
were terminated by addition of 800 μΐ 0.02 raol/1 sodium hydroxide. Enzyme 
activity was measured as the formation of NADPH by fluorescence spectroscopy 
at an excitation wavelength of 350 nra and an emission wavelength of 460 nra. 
Blank values in all three assays were obtained by adding 15 yl Triton 
Xioo (0.1 g/1) without hair follicle lysate to the incubation medium. 
Enzyme assays on dissected hair follicles 
15 single hair follicles obtained from normal individuals were 
dissected under a binocular microscope by cutting them just above, through 
the middle and just below the sheath. The different parts are referred to as 
upper sheath, lower sheath and bulb respectively. Each hair follicle 
fraction was immersed in 55 yl Triton Xioo (0.1 g/1) and assayed for 
phosphoglycerate kinase, glucose-6-phosphate dehydrogenase and 6-phospho­
gluconate dehydrogenase activity. 
Mailing of hair follicles 
Hair follicles of a male with a phosphoglycerate kinase deficiency, 
variant München (code IV14 in the genealogy of this German family [11]) were 
attached to adhesive tape, put into an Eppendorf reaction vial and sent to 
the laboratory by air mail. As reference samples, hair follicles of a 
healthy control (control 2 in Table 3 and 4) were plucked on the day of 
dispatch (stored at room temperature) and on the day of arrival of the 
mailed hair follicles. 
RESULTS 
Optimal assay conditions for phosphoglycerate kinase activity in human 
hair follicles were achieved with 15 yl hair follicle lysate (Figure 1A) 
at a pH of 7.0 (Figure IB). The reaction was found to be linear up to 20 
minutes (Figure 1С). All further experiments were performed under these 
conditions. The enzymatic nature of the reaction was further demonstrated by 
the low rate of nicotinamide adenine dinucleotide (reduced form) conversion: 
(a) when boiled hair follicle lysate was used 
(b) when the incubation was carried out at 4 "C 
(c) when the incubation was carried out in the absence of phosphoglycerate 
kinase (Table 1). 
Glucose-6-phosphate dehydrogenase was used as a reference enzyme to 
compensate for differences in hair follicle size and quality, since it is 
measurable In single hair follicle lysate [9], and its distribution pattern 
in hair follicles is very similar to that of phosphoglycerate kinase (Table 
2). In some areas of the world (not in northern and western Europe) glucose-
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Figure 1. 
Determination of the optimal assay conditions for phosphoglycerate kinase in 
human hair follicles. All data are expressed as the mean ratio of 
phosphoglycerate kinase activity versus glucose-6-phosphate dehydrogenase 
activity (n=10). UF= arbitrary units of fluorescence. (A) Relationship 
between the volume of lysate added and velocity (20 minutes incubation, pH 
7.0) (B) Relationship between pH and velocity (20 minutes incubation, 15 
μΐ hair follicle lysate) (C) Relationship between incubation time and 
velocity (15 jil hair follicle lysate, pH 7.0). 
б-phosphate dehydrogenase deficiency occurs frequently. In these cases 
another reference enzyme, for which the information is coded on an autosomal 
chromosome, Is preferred. б-Phosphogluconate dehydrogenase meets this 
criterion and its determination is relatively simple. Determination of 
phosphoglycerate kinase, glucose-6-phosphate dehydrogenase and 
б-phosphogluconate dehydrogenase in 100 individual hair follicles from 10 
healthy volunteers showed the advantage of using the ratio between 
phosphoglycerate kinase and a reference enzyme: the variation in 
phosphoglycerate kinase activity (highest value/lowest value between 
individual hair follicles is 2.8) is Improved by relating phosphoglycerate 
kinase to glucose-6-phosphate dehydrogenase (highest value/lowest value is 
-42-
TABLE 1. Phosphoglycerate kinase In human hair follicle lysate using 
different incubation systems (mean + standard deviation). 
Incubation system Relative enzyme activity 
Incubation as described in 
Material and Methods 
Incubation in the absence of 
3-phosphoglyceric acid 
Incubation at 4 "C 
Incubation using boiled lysate 
1.00 + 0.01 
0.03 + 0.03 
0.20 + 0.06 
0.05 + 0.04 
TABLE 2. Relative distribution of enzyme activity (+ standard deviation) 
In hair follicles after microdissection. 
Phospho­
glycerate 
kinase 
Glucose-6-
phosphate 
dehydrogenase 
6-Phospho-
gluconate 
dehydrogenase 
Upper sheath 
(n - 15) 
Lower sheath 
(n = 15) 
Bulb 
0.19 + 0.02 
0.40 + 0.02 
0.41 + 0.02 
0.25 + 0.04 
0.33 + 0.03 
0.42 + 0.05 
0.42 + 0.03 
0.32 + 0.02 
0.26 + 0.02 
2.0) or 6-phosphogluconate dehydrogenase (highest value/lowest value is 2.4). 
Table 3 summarizes the results for phosphoglycerate kinase and 
glucose-6-phosphate dehydrogenase activities, and Table 4 summarizes the 
results for phosphoglycerate kinase and 6-phosphogluconate dehydrogenase in 
these 10 individuals. The mean enzyme ratio is comparable In all volunteers 
and the highest versus the lowest mean value Is only 1.6. 
The effect of storage on human hair follicles at room temperature for 
a period of 1Θ days is shown in Table 5 and it can be concluded that all 
three enzymes show similar stability during a period of one week resulting 
in a constant enzyme ratio. 
In Table 6 values are shown for the phosphoglycerate kinase to 
glucose-6-phosphate dehydrogenase ratios, and the phosphoglycerate kinase to 
б-phosphogluconate dehydrogenase ratios in mailed hair follicles of a male 
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with a phosphoglycerate kinase deficiency and in hair follicles of a healthy 
control person. 
TABLE 3. Phosphoglycerate kinase and glucose-6-phosphate dehydrogenase 
activities in 10 volunteers (mean value + standard deviation of 
10 determinations). 
Control Phosphoglycerate Glucose-6-
kinase *) phosphate 
dehydrogenase **) dehydrogenase 
Phosphoglycerate kinase 
Glucose-6-phosphate 
1 
2 
3 
4 
5 
6 
7 
β 
9 
10 
1109 
1190 
1484 
1444 
1606 
1613 
1626 
15ββ 
1552 
1720 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
20Θ 
236 
322 
233 
262 
108 
105 
195 
131 
78 
1467 
1410 
1560 
1488 
1617 
1583 
1574 
1521 
1473 
1456 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
54 
86 
212 
51 
166 
69 
69 
82 
68 
59 
0, 
0 
0, 
0, 
0, 
.76 
.84 
.94 
.97 
.99 
.02 
.03 
.04 
.05 
.18 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
0, 
0. 
0. 
0. 
0. 
0. 
0, 
0. 
0. 
0. 
.12 
.14 
.17 
.13 
.12 
.05 
.05 
.11 
.12 
.05 
*) Expressed as the decrease in arbitrary units of fluorescence from the 
conversion of NADH to ΝΛ0+. 
**) Expressed as the increase in arbitrary units of fluorescence from the 
conversion of NADP+ to NADPH. 
TABLE 4. Phosphoglycerate kinase and 6-phosphogluconate dehydrogenase 
activities In ten volunteers (mean value + standard deviation of 
10 determinations). 
Control Phosphoglycerate 
kinase *) 
6-Phospho-
gluconate 
dehydrogenase **) 
Phosphoglycerate kinase 
6-Phosphogluconat e 
dehydrogenase 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1033 + 265 
985 + 307 
1598 + 418 
1420 + 345 
1616 + 316 
1422 + 297 
1718 + 76 
1574 + 273 
990 + 281 
1556 + 268 
323 + 56 
345 + 58 
333 + 113 
332 + 122 
423 + 149 
340 + 63 
478 + 117 
422 + 49 
274 + 53 
368 + 69 
3.22 + 0.58 
2.84 + 0.76 
4.85 + 0.56 
4.42 + 0.66 
3.42 + 0.50 
4.16 + 0.70 
3.76 + 0.71 
3.71 + 0.59 
3.50 + 0.62 
4.22 + 0.56 
*) Expressed as the decrease in arbitrary units of fluorescence from the 
conversion of NADH to NAD+. 
**) Expressed as the increase in arbitrary units of fluorescence from the 
conversion of NADP+ to NADPH. 
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TABLE 5. Effect of storage on human hair follicle phosphoglycerate 
kinase, glucose-6-phosphate dehydrogenase and 6-phosphogluconate 
dehydrogenase activities. 
Storage 
(days) 
0 
4 
7 
11 
14 
1Θ 
Phosphoglyce rat e 
kinase 
1.00 
0.92 
0.Θ4 
0.66 
0.61 
0.Э 
Relative act 
Glucose-6-
phosphate 
ivitv 
dehydrogenase 
1.00 
0.90 
0.85 
0Л5 
0Л0 
0.60 
6-Phosphogluconate 
dehydrogenase 
1.00 
0.Θ8 
0.79 
0.64 
0.56 
0.48 
TABLE 6. Values (+ standard deviation) for the ratios, phosphoglycerate 
kinase/glucose-6-phosphate dehydrogenase and phosphoglycerate 
klnase/6-phosphogluconate dehydrogenase in mailed hair follicles 
of a male with phosphoglycerate kinase deficiency (type Hünchen) 
versus hair follicles of a control person. 
Phosphoglycerate kinase 
Glucose-6-phosphate 
dehydrogenase 
Phosphoglycerate kinase 
6-Phosphogluconate 
dehydrogenase 
Control 2 (freshly 
Isolated hair 
follicles) 
Control 2 (stored 
hair follicles) 
PGK deficient male 
München IVI4 
0.78 + 0.12 
1.17 + 0.33 
0.21 + 0.16 
3.18 + 0.45 
2.91 + 1.00 
0.69 + 0.47 
DISCUSSICI. 
In the present paper it is demonstrated that phosphoglycerate kinase 
activity can be accurately determined in single hair follicles and 
glucose-6- phosphate dehydrogenase or 6-phosphogluconate dehydrogenase can 
serve as a reference enzyme to compensate for differences in hair follicle 
size and quality. 
Storage of hair follicles at room temperature and normal humidity 
results in only a minor loss of phosphoglycerate kinase, glucose-6-phosphate 
dehydrogenase and 6-phosphogluconate dehydrogenase activity during 7 days 
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(Table 5). As a consequence the enzyme ratios were almost unaffected. The 
latter allows hair follicles to be mailed without special care to 
laboratories for the measurement of phosphoglycerate kinase activity. 
Although no tissue has yet been found in which phosphoglycerate kinase 
deficiency is not expressed [12], the final proof of the usefulness of hair 
follicles in this respect can only be made by verification in patients. As 
shown in Table 6, the average values for the phosphoglycerate kinase to 
glucose-6-phosphate dehydrogenase ratios, and phosphoglycerate kinase to 
6-phosphogluconate dehydrogenase ratios in mailed hair follicles of a male 
with a phosphoglycerate kinase deficiency (phosphoglycerate kinase München) 
are only 25% of the ratios for a healthy control person (Control 2 in Table 
3 and 4, with the lowest measured enzyme ratio), and no overlap of values 
was observed. This demonstrates that phosphoglycerate kinase deficiency is 
also expressed in human hair follicles. 
Previous studies have shown that human hair follicles are advantageous 
for the carrier detection of several X-linked enzyme disorders [7,8,9]. As a 
result of the clonal origin of hair follicles, lyonisation of the 
X-chromosome will present a mosaic of normal and deficient values. Due to 
the fact that the phosphoglycerate kinase to glucose-6-phosphate 
dehydrogenase ratio (Table 3) and the phosphoglycerate kinase to 6-phospho-
gluconate dehydrogenase ratio (Table 4) is fairly constant between normal 
individuals, it should be possible with this method to detect heterozygous 
carriers since deficient phosphoglycerate kinase values range from 5% of the 
normal activity (phosphoglycerate kinase Creteil [3]) up to 20-25% 
(phosphoglycerate kinase München [11] and phosphoglycerate kinase Uppsala 
[13]). The theoretical percentage of completely deficient hair follicles in 
heterozygous carriers is 12.5%, assuming that the hair follicles are derived 
from three progenitor cells and that a random and equal distribution of 
mutant and normal cells takes place [14]. It should therefore suffice to 
determine the phosphoglycerate kinase activity in 20-30 hair follicles, in 
order to Identify heterozygous carriers. 
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PART 2 
THE HUMAN HAIR FOLLICLE AS A BIOPSY TISSUE FOR STUDIES ON 
CARCINOGEN METABOLISM IN EPITHELIAL TISSUE 

CHAPTER 3 
RAPID HIGH PERFORMANCE LIQUID CHROMATOGRAPHIC METHOD FOR DETECTION 
OF INTERINDIVIDUAL DIFFERENCES IN CARCINOGEN METABOLISM 
SUMMARY 
A method is described for the quantitative analysis of the organic 
solvent-soluble metabolites of benzo(a)pyrene (BP) formed by human hair 
follicles and cultured hair follicle keratlnocytes. It is shown that both 
tissues produce qualitatively the same pattern of BP-metabolites. "7,8- and 
9,10-dihydrodiol-BP represent the major metabolites in these tissues. The 
interindividual variation in the formation of the dihydrodiols is markedly 
lower than the variation in the formation of the phenols in freshly isolated 
hair follicles of four individuals. The method presented gives te 
opportunity to determine interlndividual differences in BP-metabolism in an 
easily available human biopsy tissue of epithelial origin. Moreover, this 
method can be used to determine the inducibility of the various enzymes 
involved in BP-metabolism after pre-exposure of hair follicle keratlnocytes 
to polycyclic aromatic hydrocarbons. 
INTRODUCTION 
Interlndividual variation in metabolism of carcinogens (mostly 
polycyclic aromatic hydrocarbons (PAH)) has been studied using various human 
tissues and cells [1-9]. The observed variation seems to be primarily under 
genetic control [10]. Differences in metabolic capacity to activate 
environmental carcinogens may result in differences in susceptibility to 
these carcinogens. However, all the studies indicated above have used biopsy 
material that is not convenient for screening of populations because of 
considerably different metabolic capacities compared to tissues susceptible 
to chemical carcinogenesis. 
Human hair follicles have been suggested as a convenient biopsy tissue 
for screening individual differences in carcinogen metabolism since: 
(1) They are of epithelial origin, which is important in view of the fact 
that 90% of all human cancers arise in epithelial cells (i.e. 
carcinomas). 
(2) They are available £rom a large number of volunteers without any risk. 
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(3) They have been shown able to activate and metabolize benzo(a)pyrene 
(BP), a widely distributed carcinogen in our environment and a possible 
health hazard to humans [11]. 
(4) Metabolism of BP to dihydrodiol derivatives, the direct precursors of 
suspected carcinogens, the diol-epoxides, has been shown to be 
genetically determined for a large part in hair follicles [12] 
(5) Human hair follicle Iceratinocytes can be brought in culture [13], which 
enables the study of the effect of inducers and inhibitors of 
carcinogen-metabolizing enzymes on the metabolite pattern of carcinogens 
[14]. 
(6) The response of BP metabolism in cultured hair follicle keratinocytes is 
comparable to that in cultured epithelial cells of the human bronchus 
(15), the target tissue for PAH-induced neoplasia. 
In the present report a high-performance liquid chromatographic (HPLC) 
analysis of the whole spectrum of organic solvent-soluble metabolites of BP 
in freshly isolated hair follicles and in cultured hair follicle 
keratinocytes is described. This methodology gives the opportunity to detect 
individual differences in carcinogen metabolism, using an epithelial biopsy 
tissue. 
MATERIALS AND METHODS 
Chemicals 
[G-3H]-BP was purchased from the Radiochemical Centre (Amershare, 
Great Britain). BP was from Aldrlch (Beerse, Belgium). NADPH was obtained 
from Boehringer (Mannheim, FRG) and gentamycin sulfate from Schering 
(Kenilworth, Great Britain). Fetal calf serum. Minimal Essential Medium 
(with Earle's salts, MEM) and glutamine were purchased from Gibco (Glasgow, 
Great Britain). Hydrocortisone was from Sigma (St. Louis, MO, USA), insulin 
from Organon (Oss, The Netherlands) and epidermal growth factor from 
Collaborative Research (Waltham, MA, USA). Llchrosorb RP-18 was obtained 
from Merck (Darmstadt, FRG). Synthetic BP derivatives were kindly provided 
by the NCI Chemical Repository at the IIT Research Institute (Chicago, II, 
USA). Aquasol was obtained from New England Nuclear (Boston, MA. USA). 
Collection of tissue and cell culture 
Human hair follicles were obtained from the scalp of healthy 
volunteers using a pair of tweezers. Only hair follicles with visible bulb 
and sheath were used. Human hair follicle keratinocytes were cultured as 
described earlier [13] using a natural basement membrane-like extracellular 
matrix (bovine eye lens capsules) as growth substrate as described earlier 
[16]. Lens capsules and culture dishes (Epicult) were obtained from Sanbio 
BV (Uden, The Netherlands). In short, hair follicles were placed on the lens 
capsules in the Epicult dishes and one drop of medium (MEM containing 15% 
fetal calf serum, 0.4 gg/ml hydrocortisone, 4 yg/ml bovine insulin and 
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10 ng/ml epidermal growth factor) was added. The cultures were placed in a 
humidified atmosphere of 5% carbon dioxide in 95% air. After three days when 
initial outgrowth started to appear, 0.3 ml of fresh medium was added. From 
then on the medium was changed twice a week. After 2-3 weeks the cultures 
had grown to confluency (about 2.10s cells/dish) and experiments were 
started. 
Equipment 
Throughout the study the following equipment was used: a liquid 
Chromatograph (Waters Ass, Milford, MA, USA) equipped with a UeK universal 
injector, two pumps (model eoooA), a solvent programmer (model ββο), a 
UV-visible variable wavelength detector (model 450), a reversed-phase 
Lichrosorb RP-ie (5 ym) column (120 χ 4.6 mm) and an Omniscrlbe recorder 
(Houston Instruments, Houston, TX, USA). Fractions were obtained with a 
programmable fraction collector FRACsooo (Pharmacia, Uppsala, Sweden) and 
the radioactivity in the samples were analyzed with a LKB121S Rackbeta 
liquid scintillation counter (LKB, Stockholm, Sweden). 
Analysis of Г3НІ BP metabolites 
[3H] BP (5 yCi/ml culture medium) was purified by thin-layer 
chromatography [11], dissolved in ethanol, diluted with unlabeled BP and 
added to the cultures in a final concentration of 0.5 μΜ. in the case of 
freshly isolated hair follicles, incubation was performed with 60 hair 
follicles in 1 ml of 50 mM Tris-HCl, pH 8.5, containing 0.1 M sucrose, 3 raM 
NgCl2, 10 yg/ral gentamyclne sulfate, 2 mM NADPH and 0.5 μΜ [эН] BP 
(5 yCi). After the incubation period (1 h for freshly isolated hair 
follicles and 24 h for the cultures) cells or hair follicles and medium were 
extracted three times with an equal volume of ethyl acetate. For this 
purpose cultured cells were scraped in the medium with a bent Pasteur 
pipette and transferred to a glass tube. The collected organic phases were 
evaporated to dryness under a nitrogen stream, dissolved In 50 μΐ methanol 
and loaded on the HPLC column. From the time of injection the column was 
eluted with a linear gradient of 65-100% methanol in water. The gradient 
change was completed in 20 min. The constant flow rate was 0.Θ ml/min. 
Eighty fractions of 0.4 min each (0.32 ml) were collected in minivials. As a 
consequence the last 30 fractions were obtained with the elution gradient in 
the end condition (100% methanol). The radioactivity in each fraction was 
determined with Aquasol as counting medium. After the collection of 
fractions background radioactivity could be washed out of the column within 
10 min, and the column could be equilibrated for the next chromatographic 
analysis. A mixture of synthetic BP derivatives was used for the 
determination of the retention times of the various metabolites. For this 
purpose detection was carried out by UV spectroscopy at 254 nm. 
Identification of the [3H] BP metabolites was achieved by comparison 
with the position of the authentic standards. 
DNA assay 
DNA in cultured hair follicle cells and freshly Isolated hair 
follicles was determined by the mithramycin technique. After the metabolite 
extraction the tubes were centrifuged and the medium changed for distilled 
water. Then the cells were treated with pronase and the DNA measured as 
described earlier [17]. Metabolite formation was expressed as fmol 
metabolite per μg DNA per h. 
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RESULTS AND DISCUSSION 
Figure 1 represents the separation of a mixture of BP and synthetic BP 
derivatives under the conditions described. The fraction numbers and the 
corresponding retention times of these BP metabolites are listed in Table 1. 
Absorbance 
50 60 70 80 
Fraction number 
FIGURE 1. 
Separation of a mixture of BP and synthetic BP derivatives under the 
conditions described in Materials and Methods: diol = trans-dihydro-
dihydroxy-BP; OH = hydroxy-BP. 
Figure 2 shows the HPLC profile of organic solvent-soluble [ H] BP 
metabolites after incubation of 60 freshly isolated hair follicles for 1 h 
(A) and of cultured hair follicle Iceratinocytes incubated for 24 h (В). In 
addition to diols, quiñones and phenols, two early eluting components can be 
identified, especially in the cultured cells. The first one is a polar 
compound which hardly has any retention delay and which possibly is ВР-3-yl 
hydrogen sulfate, an ethyl acetate extractable sulfate conjugate, this 
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metabolite has been Identified In, for example, human and rodent lung 
cultures [18]. However, certain tetrols can also elute In this region. The 
second early elutlng component (fraction number 10-13) has been reported 
frequently In various tissues [T,19,20] and probably represents one or more 
tetrol derivatives of HP. However, since absolute proof of the Identity of 
this component is not available, we have denoted this peak "pre-9,10-diol". 
It should be noted that tetrols and triols are evidence for the formation of 
diol-epoxldes, the proposed ultimate carcinogens of PAH [21]. 
TABLE 1. Peak fraction numbers and corresponding retention times of 
various reference BP metabolites in the HPLC methodology 
described. 
Compound* Peak fraction number Retention time (min) 
9,10-Diol 
4,5-Diol 
7,8-Diol 
7,e-Dion 
4,5-Dion 
11,12-Dion 
9-OH 
1-OH 
3-OH 
BP 
16 
33 
38 
46 
48 
49 
57 
59 
60 
72 
6.4 
13.2 
14.8 
18.8 
19.2 
19.6 
22.4 
23.6 
24.0 
28.8 
*) Abbreviations as in Figure 1. 
Although several quinone and phenol isomers of BP can be separated 
under the conditions described (Figure 1), it is difficult to identify each 
peak in the quinone and phenol region exactly as one specific isomer. 
Therefore, all metabolites which elute between fractions 44 and 52 have been 
taken together as quiñones and the peaks between fractions 53 and 62 as 
phenols. The HPLC methodology described, results in good separation of all 
the three dihydrodiol metabolites which have been isolated and characterized 
from various sources [21] as the (-)-trans-4,5-dihydrodiol, 
(-)-trans-7,8-dihydrodiol and the (-)-trans 9,10-dlhydrodiol. Figure 2A 
-shows that in freshly isolated hair follicles more than 70% of the organic 
solvent-soluble metabolites are represented by the 7,8 and 9,10-dlhydrodlol 
metabolites. In contrast, freshly isolated hair follicles hardly metabolize 
BP to the 4,5-dihydrodiol derivative. Two other important groups of organic 
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solvent-soluble BP metabolites formed by freshly isolated hair follicles are 
represented by quiñones and phenols although they are formed to a lesser 
extent than the dlhydrodlols. 
We have analyzed BP metabolism in freshly isolated hair follicles from 
a number of volunteers. The range of formation of each of the metabolite 
groups is illustrated in Table 2. It is obvious that the variation in 
dihydrodiol formation is much smaller than the range in variation in phenol 
formation. Since dlhydrodlols result from epoxide hydrolase and phenols 
reflect aryl hydrocarbon hydroxylase activity, these findings suggest that 
the interindivldual variation in epoxide hydrolase is lower than that for 
aryl hydrocarbon hydroxylase. In fact, low interindivldual variation for 
epoxide hydrolase and large Interindivldual differences in aryl hydrocarbon 
hydroxylase have been reported for various human tissues (see, for example, 
ref. [22] and references therein) including human hair follicles [23]. 
Interindivldual variation in total BP metabolism to organic solvent-soluble 
metabolites was about three-fold, as analyzed in the present study. 
TABLE 2. Range of formation of various [ ^i] BP metabolites and groups 
of metabolites in freshly isolated hair follicles of a number of 
volunteers. N = 4, abbreviations as in Figure 1. For further 
explanation see text. 
Compound Range of variation* Mean + S.D. 
Polar component 
Pre-9,10-diol 
9,10-Diol 
7,8-Dlol 
ßulnones 
Phenols 
0.6 -
1.3 -
41.1 -
29.1 -
3.6 -
10Л -
- 1.5 
- 2.6 
- 46.3 
- 31.5 
- Θ.5 
- 23.1 
1. 
1, 
44. 
29. 
5. 
n. 
.1 
.6 
.4 
.9 
.3 
.5 
+ 
+ 
+ 
+ 
+ 
+ 
0, 
0. 
2. 
1. 
2. 
6. 
.5 
.7 
.6 
.4 
,7 
,3 
*) Expressed as the percentage of the total amount of organic solvent 
soluble metabolites. 
The metabolite pattern of cultured human hair follicle keratinocytes 
is qualitatively comparable with freshly isolated hair follicles, with 
dlhydrodlols representing the major metabolite group, phenols and quiñones 
the minor ones. Due to the longer incubation time the total level of 
metabolism is higher than in freshly Isolated hair follicles (Table 3). 
However, the mean rate of BP metabolism in cultured cells is somewhat lower 
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than in freshly isolated hair follicles. This can be ascribed to the greater 
formation of dlhydrodlols, quiñones and phenols In freshly Isolated hair 
follicles. In contrast, the amount of the more polar organic solvent-soluble 
metabolites Is greater in cultured hair follicle keratinocytes than in 
FIGURE 2. 
40.000 
30.000 -
ZL, 30.000 
20.000 
10.000 
Cultured hair 
follicle keratinocytes 
ι.., Jl|i.lli. |i jJ I 
10 20 30 Д0 50 60 70 80 
Fraction n u m b e r 
HPLC profile of organic solvent-soluble [3H] BP metabolites of freshly 
Isolated hair follicles (Incubated for 1 h) (A) and cultured hair follicle 
keratinocytes (incubated for 24 h) (B). Fractions 4-9 contain a polar 
component, possibly ВР-3-yl hydrogen sulfate. Fractions 10-13 probably 
represent one or more tetrol metabolites of BP, called "pre-9,10-diol". The 
trans-9,10- and 1,β-dihydrodiol derivatives of BP elute between fractions 14 
and 20, and 34 and 42, respectively. Quiñones appear between fractions 44 
and 52, and phenols between fractions 53 and 62. Unmetabollzed [3H] BP 
elutes from fraction 65. 
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freshly Isolated hair follicles. The observation that at longer incubation 
times there is about the same amount of 9,10-dihydrodiol and much more 
tetrols indicates that 9,10-dlhydrodlol is an end-point in BP metabolism and 
that 7,8-dihydrodiol can be further metabolized to the dlol-epoxldes. 
Cultured hair follicle keratlnocytes offer the opportunity to 
investigate BP metabolism after induction of the enzyme aryl hydrocarbon 
hydroxylase. High levels of induced activity of this enzyme have been 
correlated with genetic susceptibility to PAH-induced neoplasia in some 
studies [9,24], while other authors failed to confirm this [25,26]. One of 
the sources of controversy can be the choice of human biopsy tissue, 
peripheral lymphocytes. In view of the prevalence of carcinomas, the use of 
human keratlnocytes seems to be a more appropriate alternative. It has 
already been shown that the response of BP metabolism towards pre-exposure 
to benz(a)anthracene in cultured hair follicle keratlnocytes, is 
qualitatively comparable with that in cultured human bronchial epithelial 
cells, the target tissue of PAH-induced neoplasia [15]. In contrast, murine 
epidermal cells, a frequently studied cell type in chemical carcinogenesis, 
do respond differently to pre-exposure to benz(a)anthracene as compared with 
human epidermal keratlnocytes [14]. 
TABLE 3. Formation of [^H] BP metabolites or metabolite groups In 
freshly isolated human hair follicles and cultured hair 
follicle keratlnocytes from the same donor. Abbreviations as in 
Figure 1. The data represent the mean values for three persons 
and are expressed as fraol product per pg DMA per h. 
Compound Freshly isolated hair Cultured hair follicle 
follicles keratlnocytes 
Polar component 4 + 1 
Pre-9,10-diol 4 + 1 
9,10-Diol 130 + 20 
7,8-Diol 92 + Π 
Quiñones 1 3 + 3 
Phenols 73 + 27 
Total 316 + 43 
The method presented here offers the advantage of rapid analysis of BP 
metabolism in an easily available human biopsy tissue of epithelial origin, 
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22 + 5 
30 + 5 
96 + 16 
33 + 6 
10 + 3 
31 + 12 
222 + 35 
the hair follicle. Both differences in the profile of the various BP 
metabolites and variations in the rate of BP metabolism can be monitored 
easily. The application of the methodology on cultured hair follicle cells 
gives the opportunity to measure inducibility of BP metabolizing enzymes 
after pre-exposure to PAH. Together with the recently developed assays for 
carcinogen-metabolizing enzymes in hair follicles [21.28], the method may 
contribute to identification of high-rislc populations. 
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CHAPTER 4 
HUMAN HAIR FOLLICLES AND CULTURED HAIR FOLLICLE KERATINOCYTES AS 
INDICATORS FOR INDIVIDUAL DIFFERENCES IN CARCINOGEN METABOLISM 
SUMMARY 
Benzo(a)pyrene (BP) metabolism In freshly Isolated human hair 
follicles, cultured hair follicle keratlnocytes and cells cultured from 
human bronchial epithelium was analyzed by high performance liquid 
chromatography. All three types of tissues resulted in quantitatively 
comparable amounts of the most Important organic solvent-soluble 
metabolites: 9,10-dihydrodlol-BP, 7.β-dlhydrodiol-BP, quiñones, and phenols. 
Besides these metabolites two early eluting compounds were detected: one 
possibly is ВР-3-yl hydrogen sulfate, the other probably consists of one or 
more tetrols. Water-soluble metabolites were quantitatively unimportant in 
both types of cultured cells and appeared to be primarily glucuronlde and 
sulfate conjugates with the monohydroxides and the 7,8-dihydrodlol of BP. 
This metabolic pattern is compared to that of monocytes and lymphocytes 
which have been used frequently in population studies and with data from 
other types of human epithelial cells. It is concluded that human hair 
follicles and cultured keratlnocytes from these organs are useful for 
detection of individual differences in carcinogen metabolism. 
INTRODUCTION 
Differences in the biological response to carcinogens, especially 
polyeyelie aromatic hydrocarbons (PAH), have been described among species, 
individuals, tissues, and cell-types [1,2,3,4]. The existence of 
interspecies variation precludes direct extrapolation of data in 
experimental animals to the human situation. Therefore, the use of human 
biopsy tissue (e.g. bronchus, esophagus, colon, liver etc.) is important in 
studies involved in chemical carcinogenesis. However, these tissues are not 
suited for population studies to investigate the interindividual variation 
in susceptibility to carcinogens. Since the regulation of certain 
carcinogen-metabolizing enzymes seems to be primarily under genetic control 
[5,6] it should be possible to detect high risk populations. 
Although interindividual variation can result from every step in 
chemical carcinogenesis, e.g. metabolic activation of carcinogens, binding 
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to DNA, repair of damaged DNA and promotion of initiated cells, most efforts 
have been spent to correlate differences in carcinogen metabolism to 
susceptibility to carcinogens. Lymphocytes have been used frequently for 
this purpose but unfortunately the results have been ambiguous, some studies 
correlating aryl hydrocarbon hydroxylase (AHH)-inducibillty to the risk of 
developing bronchogenic carcinoma [7,8], others not able to confirm this 
[9,10]. Probably, lymphocytes are an unconvenient cell-type to predict an 
individual's overall ability to activate PAH. The reason for this might be 
the different metabolic capacity of these cells compared to the target 
cell-type for PAH-induced neoplasia, the tracheo-bronchial epithelium. 
Human hair follicles have been suggested as a convenient biopsy tissue 
for identifying individuals with increased risk for developing chemically 
induced cancer, for a number of reasons: 
1. They are of epithelial origin which Is important in view of the fact 
that most human malignancies are carcinomas. 
2. They are available from a large number of individuals and can be 
obtained without any medical qualifications and risks for adherent 
side-effects. 
3. They have been shown able to metabolize benzo(a)pyrene (BP), the most 
studied prototype compound for PAH and a widely distributed carcinogen 
in our environment [11]. 
4. Metabolism of BP to dihydrodiol-derivatives, the direct precursors of 
the suspected carcinogens of PAH, the diol-epoxides [12,13], has been 
shown to be genetically determined for a large part in hair follicles 
[14]. 
5. The response of BP-metabolism in cultured hair follicle keratinocytes 
towards pre-exposure to PAH is comparable with that in cultured 
epithelial cells of the human bronchus, the target-tissue for 
PAH-induced neoplasia [15]. 
6. Human hair follicles can be brought in culture [16] which enables the 
study of other parameters in the process of chemical carcinogenesis such 
as induction of carcinogen metabolizing enzymes, DNA-binding, mutation 
studies etc. 
7. Recently, sensitive microassays have been developed for quantitation of 
PAH-raetabollzing enzymes in human hair follicles [17,18,19]. 
Normal skin biopsies are less suited for use in population studies 
since they often cause scars and since pure keratinocytes cannot be obtained 
from them in ргілагу culture. Moreover, hair follicles are located fairly 
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deep In the skin and are thus less vulnerable to possible enzyme inducers 
contacting with skin. Furthermore, skin biopsies are often contaminated with 
dermal layers which exhibit a quantitatively different carcinogen metabolism 
[20]. 
In the present paper the metabolite pattern of BP In freshly isolated 
hair follicles and cultured hair follicle keratinocytes is analysed and 
compared to the target cell-type for PAH-induced carcinogenesis, human 
bronchial epithelial cells. 
MATERIALS AND METHODS 
Chemicals 
[G-3H] BP (specific activity 40 Cl/mmol) was purchased from the 
Radiochemical Centre, Amersham and was purified chromatographically before 
each experiment. Unlabeled BP was obtained from Aldrich, Beerse, Belgium. 
NADPH was obtained from Boehrlnger Mannheim and gentamyclne sulfate from 
Schering, Kenilworth, England. Fetal calf serum. Minimal Essential Medium 
(with Earle's salts, MEM) and glutamine were purchased from Gibco, Glasgow, 
England. -Glucuronidase (Type 1) and arylsulfatase were purchased from 
Sigma, St. Louis, USA. Lichrosorb RPi» was obtained from Merck, Darmstadt, 
FRG. Synthetic BP-derivatives were kindly provided by the National Cancer 
Institute Chemical Repository at the IIT Research Institute, Chicago, USA. 
Aquasol and EN3HANCE which was used as an autoradiography enhancer were 
obtained from New England Nuclear, Boston USA. For autoradiography Kodak 
XAR-si were used. 
Collection of tissue 
Human hair follicles were obtained from the scalp of healthy 
volunteers using a pair of tweezers. Volunteers using tar shampoo were 
excluded from the study. Only hair follicles with visible bulb and sheath 
were used. Human bronchial tissue was obtained at bronchoscopy and 
transported to the laboratory in ice-cold MEM supplemented with 10% fetal 
calf serum and 10 vg/ml gentamyclne sulfate. All bronchial biopsies were 
taken for diagnostic purposes. Only macroscopically unaffected tissue was 
used. 
Cell cultures 
Human keratinocytes originating from hair follicles were cultured as 
described earlier [16] using a natural basement membrane-like extracellular 
matrix (bovine eye lens capsule) as growth substrate [21]. Lens capsules and 
culture dishes (Epicults) were obtained from Sanbio BV, Uden, The 
Netherlands. Human bronchial epithelial cells were cultured as described by 
Hukkelhoven et al. [15]. Only primary cultures were used in the experiments. 
Equipment 
Throughout the study the following equipment was used: a liquid 
Chromatograph (Waters Ass., Milford, USA) equipped with a UeK universal 
injector, two pumps (model eoooA), a solvent programmer (model eeo), a 
UV-visible variable wavelength detector (model 450), a reverse-phase 
Lichrosorb RPia 5yra column (120 χ 4.6 ram) and an Omniscribe recorder 
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(Houston Instruments, USA). Fractions were obtained with a programmable 
fraction collector РКАСэооо (Pharmacia, Uppsala, Sweden) and the 
radioactivity in the samples was analysed with an LKB1215 Rackbeta liquid 
scintillation counter. 
Analysis of BP-metabolism 
[3H]-BP was purified by thin layer chromatography [11], dissolved 
in ethanol, diluted with unlabeled BP and added to the cultures in a final 
concentration of 0.5 yM and 5 vCi/ml culture medium. In the case of 
freshly isolated hair follicles incubation was performed with 60 hair 
follicles in 1 ml of 50 mM Tris-HCl, pH β.5. containing 2 mM NADPH, 0.1 M 
sucrose, 3 mM MgClz, 10 yg/ml gentamyclne sulfate and 0.5 μΜ 
[3H]-BP. After the incubation time (1 h for freshly isolated hair 
follicles and variable times for cultures) cells or hair follicles and 
medium were extracted three times with an equal volume of ethylacetate. The 
collected organic phases were evaporated to dryness under a nitrogen stream, 
dissolved in 50 yl methanol and loaded on the high performance liquid 
chromatography (HPLC) column. From the time of Injection, the column was 
eluted with a linear gradient of 65-100% methanol in water. The gradient 
change was completed in 20 min. The constant flow rate was 0.Θ ml/rain. 
Eighty fractions of 0.4 min. each (0.32 ml) were collected in minivials. As 
a consequence the last 30 fractions were obtained with the elution gradient 
in the end condition (100% methanol). The radioactivity in each fraction was 
determined with Aquasol as liquid scintillation cocktail. A mixture of 
synthetic BP derivatives was used for the determination of the retention 
time of the various metabolites. For this purpose detection was carried out 
by UV spectroscopy at 254 run. For further identification of the crucial 
dihydrodiols, reference compounds were also subjected to t.l.c. (solvent 
system toluene/ethanol (9:1)) and the Rf-values compared with those of the 
metabolites from the HPLC-analysis. 
For analysis of conjugate formation, the media were re-extracted three 
times with two volumes of ethylacetate to remove any residual BP or organic 
solvent-soluble BP-metabolîtes. Then the media were incubated with 
ß-glucuronldase (1 mg/ml) and arylsulfatase (300 yg/ml) for 3 h at 37"C. 
After the incubation the media were extracted three times with ethylacetate, 
the extract was evaporated and the residue applied to silicagel t.l.c. using 
a solvent mixture of toluene/ethanol (9:1). After spraying with auto-
radiography enhancer radioactive spots were examined by exposure of the 
t.l.c. plates to X-ray film. 
RESULTS 
Bronchial epithelial cell cultures from four patients were subjected 
to HPLC after incubation with [ H]-BP. From four other persons both 
freshly isolated hair follicles and cultured hair follicle keratinocytes 
were analyzed. Figure 1 shows a typical example of the HPLC-profile of 
freshly isolated hair follicles, hair follicle keratinocytes in culture and 
cultured bronchial epithelial cells. All three types of tissue result In 
almost the whole series of organic solvent-soluble BP-metabolites: 9,10- and 
Τ,θ-dihydrodlols, quiñones, and several monohydroxy BP derivatives. In 
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HPLC separation of [SH]-BP derivatives obtained from freshly Isolated 
hair follicles (A), cultured hair follicle keratinocytes (B) and 
cultured human bronchial epithelial cells (C). Fractions 4-9 contain a 
polar component, possibly ВР-Э-yl hydrogen sulfate. Fractions 10-13 probably 
represent one or more tetrol metabolites of BP and is called 'рге-ЭЛО-
diol'. The trans-9,10- and 7,8-dihydrodiol derivatives of BP elute between 
fractions 14-20 and 34-42 respectively. Quiñones appear between fraction 44 
and 52 and phenols between fraction 53 and 62. Unmetabollzed BP elutes from 
fraction 65. Freshly isolated hair follicles were Incubated 1 h, the 
cultures during 24 h. 
addition to these metabolites two early eluting components can be observed: 
one polar component which elutes between 1.5 and 3.5 min (fraction 4-9) and 
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which is possibly ВР-3-yl hydrogen sulfate. This metabolite has been 
identified in e.g. human and rodent lung cultures [22]. For further 
identification of this early-eluting component we have isolated the compound 
from a t.l.c. plate with 95% ethanol and recorded the fluorescence emission 
and excitation spectra of it. They were found largely identical with the 
synthetic ВР-3-yl hydrogen sulfate as described by Cohen et al. [22]. The 
other polar component has a retention time of about 4.5 min (fraction 10-13) 
and probably can be attributed to one or more tetrols. However, since 
absolute proof on the identity of this compound is missing, it has been 
designated as 'pré-S.lO-diol-BP' because it is the compound which elutes 
just before the 9,10-dihydrodiol-BP. It is obvious that dihydrodiols 
represent the most important metabolites in all three systems. However, 
4,5-dihydrodiol-BP is formed in negligible amounts. Phenols and quiñones are 
also formed but in smaller amounts than the dihydrodiols. Although several 
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FIGURE 2. 
Percentage distribution of [9H]-BP metabolites or metabolite groups In 
freshly isolated hair follicles, cultured hair follicle keratinocytes and 
cultured human bronchial epithelial cells. Data represent the mean of four 
analyses of each tissue type obtained from different persons. Freshly 
isolated hair follicles and cultured hair follicle keratinocytes were 
obtained from the same volunteers. 
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monohydroxy derivatives of BP can be separated, identification of each peak 
in this region is difficult to achieve due to possible overlap with other 
phenols. The same holds true for the quiñones. Therefore all quinone- and 
phenole-derivatives have been taken together. Both boiled hair follicles (10 
min) and hair follicles incubated at 0oc did not show any metabolite 
formation. 
Figure 2 represents the percentage distribution of organic 
solvent-soluble BP-metabolites after incubation of freshly isolated hair 
follicles, cultured hair follicle keratinocytes and bronchial epithelial 
cells. It is obvious that all three systems do form the same range of 
organic solvent-soluble metabolites and that the relative distribution of 
each metabolite group is comparable. From the analysis of BP-metabolism in 
hair follicles and cultured hair follicle keratinocytes from different 
individuals it can be concluded that the interindividual differences in 
Percentage distribution 
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FIGURE 3. 
Percentage distribution of [3H]-BP metabolite groups in cultured hair 
follicle keratinocytes after different incubation times. All cultures were 
obtained from the same volunteer. 
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dihydrodlol formation are less than those in phenol formation (data not 
shown). This conclusion is in agreement with earlier observations using 
larger groups of volunteers [23]. 
Figure 3 shows the change in percentage distribution of organic 
solvent-soluble BP-metabolites from the same donor as a function of the 
incubation time for cultured hair follicle keratinocytes. The amount of 
9,10-dihydrodiol-BP does increase with incubation time which suggests that 
this metabolite can be an endpoint in BP-metabolism. Quiñones have decreased 
to very low levels in the 24-h incubation. The level of phenols declines 
from a 1-h to a 4-h incubation but stabilizes at longer incubation times. 
The decrease in quinone formation reveals that in the experimental procedure 
described spontaneous oxidation of the labile 1-OH and 3-OH phenols to 
quiñones does not occur. 
Small amounts of phenols and dihydrodiols are released when the medium 
of the cultured cells is treated with /S-glucuronidase and aryl-sulfatase. 
However, these glucuronides and sulfates represented less than 3% of the 
total amount of organic solvent-soluble metabolites. In freshly isolated 
hair follicles no conjugate formation could be detected probably due to the 
short incubation time of 1 h. The results suggest that human hair follicle 
keratinocytes and bronchial epithelial cells have low UDP-glucuronyl 
transferase and sulfate transferase activities. The possibility that 
glutathione-conjugates are present cannot be excluded, since even after 
exhaustive ethylacetate extraction and arylsulfatase/ j3-glucuronidase 
treatment some radioactivity remains in the water-phase. However, we assume 
-on the basis of control experiments using medium without cells- that most 
3 
of the radioactivity left results from non-specifically bound [ H]-BP to 
serum proteins. 
DISCUSSION 
Individual differences in carcinogen metabolism may lead to different 
susceptibility to the biological effects of these compounds. In order to 
measure BP-metabolism in man an easily obtainable source of human tissue is 
required. Up till now lymphocytes and monocytes and to a lesser extent 
pulmonary macrophages have been used for this purpose. Using cultures of 
blood lymphocytes and monocytes it has been shown that the interindividual 
variation in AHH-activity and inducibility is largely genetically 
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determined. However, whether an individuals AHH-actlvlty or inducibility in 
blood cells can be related to his susceptibility to PAH carcinogenesis is 
still the subject of controversy today [24]. 
The unability to relate carcinogen metabolism to carcinogen 
susceptibility can possibly be ascribed to the different metabolic 
capacities and characteristics between the more accessible cells and the 
target cells for chemical carcinogenesis. The need to select biopsy material 
and model systems for PAH-carcinogenesis in man on the basis of comparable 
metabolite patterns has been argued [15,25]. 
Human hair follicles have been suggested as an alternative for blood 
lymphocytes and monocytes for various reasons. In the present report we have 
compared BP-metabolism In freshly Isolated hair follicles and cultured hair 
follicle keratlnocytes with the target cell-type for PAH-induced 
carcinogenesis, the human bronchial epithelium, in all three systems 
dlhydrodiols represent more than 60% of the total amount of organic 
solvent-soluble BP-metabolites while quiñones and phenols are less important 
metabolite groups (about 7 and 20% respectively). The metabolism of BP in 
cultured blood lymphocytes and monocytes has been studied in detail by 
HPLC-analysis [26]. From this study it appears that dlhydrodiols comprise 
only 15% of total organic solvent-soluble metabolites in monocytes and about 
10% in lymphocytes. Total phenol synthesis is about 75% in lymphocytes as 
well as monocytes. Another striking difference is the ratio between 7,8- and 
9,10-dihydrodiol-BP. In all three systems in our study the amount of 
9,10-dihydrodiol-BP Is about two times that of 7,8-dihydrodlol-BP and 
comprises 35-50% of all organic solvent-soluble BP-metabolites. In contrast, 
in both lymphocytes and monocytes the amount of 9,10-dihydrodlol-BP is very 
low (about 1%) and the amount of 7,e-dihydrodiol-BP relatively high. 
Our results with cultured bronchial epithelial cells are in accordance 
with those obtained using cultured human bronchus tissue [25]. In this study 
the same percentage distribution of organic solvent-soluble metabolites as 
in our studies was found. Moreover, the metabolite pattern of our cultured 
human keratlnocytes and bronchial epithelial cells is comparable with that 
in normal cultured mammary epithelial cells [27] and with cultured human 
epidermal cells [28]. Strikingly, in all human epithelial cell systems 
mentioned before, 7,8-dihydrodlol-BP is formed In smaller amounts than the 
9,10-dihydrodlol-BP. Moreover, in all these cultures, but not in lymphocytes 
and monocytes, metabolites in the tetrol region could be detected. These 
results indicate that epithelial cells, including cultured hair follicle 
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keratinocytes, convert 7,8-dihydrodiol-BP to tetrols, presumably with the 
ultimate carcinogen, the 7,e-dlol-9,10-epoxide of BP, as an Intermediate. 
The apparent low activity of UDP-glucuronyl transferase and sulfate 
transferase in both cultured hair follicle keratinocytes and bronchial 
epithelial cells Is in agreement with the very low conjugating activity 
present in human epidermal keratinocytes [29]. The observed greater 
interlndividual variation in phenol formation than in dlhydrodlol formation 
has been confirmed earlier by analysing these metabolite groups separately 
[23] and reflect larger interindividual differences in AHH-activity than in 
epoxide hydrolase activity. 
In conclusion, BP-metabolism in freshly isolated hair follicles and in 
cultured hair follicle keratinocytes is comparable with cultured bronchial 
epithelial cells, the target cell-type for PAH-induced carcinogenesis and 
with human epidermal and mammary epithelial cells, two other cell-types for 
which evidence of a role of chemical carcinogens in the development of skin 
and breast cancer respectively, has been provided. In contrast, very large 
differences do exist between these cells and cultured lymphocytes and 
monocytes. Cultured primary hair follicle keratinocytes offer the additional 
advantages of relative cellular homogeneity -in contrast to human epithelial 
organ culture where large sample variations and mixtures of cell types are 
present- and the absence of the selective pressure of repeated passage in 
culture that is characteristic of "immortal" epithelial human cell lines. On 
the other hand the culture time of hair follicle keratinocytes (2-3 weeks) 
seems sufficiently long to minimize environmental, pharmacological, 
nutritional, and hormonal influences impinging on the cells when in the 
donor. In view of the results obtained, human hair follicles and cultured 
hair follicle keratinocytes may be very useful to test the hypothesis that 
individuals differ in their metabolic capacity to activate environmental 
carcinogens and that this may result in individual susceptibility to these 
substances. 
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CHAPTER 5 
A HIGHLY SENSITIVE ASSAY FOR GLUTATHIONE TRANSFERASE USING 
4,5-DIHYDRO -EPOXYBENZO(A) PYRENE AS SUBSTRATE 
SUMMARY 
A method Is described for the quantitative determination of the 
glutathlone-conjugate of 4,5-dihydroepoxybenzo(a)pyrene. The sensitivity and 
practical convenience of the procedure Is based on (a) the high specific 
fluorescence intensity of the product, (b) the very low background obtained 
by the efficient differential extraction of substrate and product, (c) the 
use of a non-radloactlve substrate from the Important class of polycycllc 
aromatic hydrocarbons and (d) the Involvement of a single rapid transfer and 
extraction step. Due to the sensitivity of the method permitting measurement 
of 30 prooles product, the procedure Is especially useful for assaying 
transferase activity In minute tissue samples such as human hair follicles 
or cultured cells. 
INTRODUCTION 
Arene oxides, which arise from the enzymatic oxidation of polycycllc 
aromatic hydrocarbons (PAH), are electrophlllcally reactive agents which can 
alkylate biological nucleophlles (e.g. DNA) leading to toxic, mutagenic or 
carcinogenic effects [1,2]. Besides their Importance as direct noxious 
substances, they are, after hydration to dihydrodiols, the precursors of the 
ultimate carcinogens of PAH, the diol-epoxides [3]. 
Epoxides can be metabolized by epoxide hydrolase (EH; EC 3.3.2.3) 
yielding the already mentioned dihydrodiols or by glutathione-transferase 
(GSH-T; EC 2.5.1.18) catalyzing the nucleophilic attack of the sulphur anion 
of glutathione (GSH) on the epoxide, leading to the corresponding conjugate. 
Whereas the effect of EH can be considered as either toxlflcatlon, providing 
the precursors of the diol-epoxides, or detoxification, providing a possible 
conjugative pathway of sulphotransferase action on the dihydrodiols, the 
GSH-T action is generally considered to act as a detoxification of the 
parent compound. 
In the present report we describe a fluorometrlc assay for the 
conjugation of 4,5-dihydro-epoxybenzo(a)pyrene (BPO) with glutathione. The 
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method has several advantages over earlier published assays for this enzyme. 
MATERIALS AND METHODS 
Chemicals 
BPO was obtained from the National Cancer Institute Chemical 
Repository at the IIT Research Institute (Chicago, II). Π -Estradlol-3-
mono-sulfate was purchased from Sigma (St. Louis, MO). Reduced glutathione 
was from Boehringer Mannheim (Mannheim, FRG). l-Glycine-2-3H-glutathione 
(reduced; specific activity 1 Ci/mmol) was obtained from New England Nuclear 
(Drelelch, FRG). TLC plates (silica gel 60, without fluorescence indicator) 
were from Merck (Darmstadt, FRG). 
Source of enzyme 
Liver tissue was obtained from Wistar rats. After coarsely mincing the 
tissue with scissors. The liver was homogenized In buffer (0.1 M potassium 
phosphate (pH "7.9), 10% (v/v) glycerol and 1 mM EDTA) using a Potter S 
homogenlzer (Braun). The homogenate was centrlfuged at 10,000 g for 1 h at 
4<>C. The resulting supernatant was used for preparation of the cytosol by 
centrifugation at 105,000 g for 1 h at 4°C. The protein content of the 
supernatant was determined by the method of Lowry et al. [4] with bovine 
serum albumin as the reference standard. 
Assay procedure 
All assays were performed In triplicate. For each assay 105,000 g 
supernatant (representing 5.5 vig protein) and 10 μΐ glutathione (20 mM) 
were added to 0.5 ml final volume 25 mM glycine (pH 10.0) in an Eppendorf 
reaction vial. The vials were pre-warmed for 5 min in a shaking water-bath 
at ЗТс. The reaction was initiated by addition of 4 vl BPO dissolved in 
DMSO/ethanol (1:1, v/v; final BPO concentration was 15 μΜ) and carried out 
in a water-bath at 370C. After the required incubation time (standard time; 
5 min) the reaction was stopped by adding 0.5 ml trichloroacetic acid (TCA, 
7.5%. w/v). After centrifugation for 2 min in an Eppendorf minlfuge the 
reaction mixture was transferred to a glass tube and put on ice. To remove 
unmetabollzed BPO, 3 ml of hexane was added and the tubes were mixed on a 
Vortex mixer for 60 sec. After centrifugation for 5 min at 5000 g, the 
hexane fraction was removed and 0.5 ml aqua bidest added to the water phase. 
In control experiments, using 9H-labelled glutathione, it was shown that 
only a negligible amount of conjugated glutathione was recovered in the 
hexane phase (less than 0.05%). The fluorescence of the conjugate was 
measured In a Perkln-Elmer 650-40 spectrofluorometer at an excitation 
wavelength of 305 nm and an emission wavelength of 425 nm. Quinine HBr in 
0.1 M H 2S0 4 was used for calibration of the fluorometer. 
Calibration curve of the coniugate 
Quantification of the adduct was performed by overnight TLC separation 
of the reaction mixture as described by Nemoto and Gelboin [5] using 
3H-labe11ed glutathione (0.3 pCl/incubation), diluted to the standard 
concentration of 400 μΜ. The reaction was stopped by putting the reaction 
vials on ice instead of adding TCA. The area of the conjugate (Rf » 0.15) 
was scraped off the plate and the conjugate isolated by extraction with 
water. A sample of the extract was analyzed for radioactivity and the amount 
of conjugate formed was calculated from the specific activity of the 
-74-
compound. Fluorescence was correlated to the amount of conjugate by 
preparing dilutions of conjugate-extracts (I.e. without 3H-glutathione) 
obtained simultaneously under standard conditions. Enzymatic activities were 
expressed as pmole conjugate/pg protein/min. This establishment of the 
relation between units of fluorescence and amount of conjugate has to be 
performed only once. 
RESULTS 
Comparison of the excitation and emission spectra of the BP-GSH 
conjugate Isolated from TLC and from the aqueous phase after the enzymatic 
reaction using rat liver supernatant showed the similarity of the maximum 
excitation and emission wavelength of both products. This demonstrates that 
the fluorescence almost entirely results from the BP-GSH conjugate. Addition 
of ÍTQ -estradiol sulfate, which has been described as a selective inhibitor 
of several forms of GSH-T [6], results in a 25% decrease of enzyme activity. 
Hg, for which, among other heavy metals, an inhibitory role of GSH-T has 
been documented [7], results in about the same percentage of enzyme 
inhibition. The enzymatic nature of the reaction Is further demonstrated by 
the low rate of conjugation using boiled supernatant, at 0°C and in the 
absence of BPO (Table 1). 
From Figure 1 it can be concluded that linearity is maintained until 7 
min of Incubation (A) and up to 7 \ig protein (B). The pH-optimum Is 
reached at pH 10.0 and the non-enzymatic addition of glutathione to BPO is 
strongly pH-dependent and particularly manifests at pH > 10 (Figure 1С). BPO 
concentrations exceeding 10 μΗ (Figure ID) and GSH concentrations 
exceeding 300 μΜ (Figure IE) did not result in higher enzymatic rates. The 
К of the reaction is about 2.3 μΗ and the specific activity of the 
m 
enzyme is Θ4 pmole/pg protein/min as can be derived from Figure ID. It Is 
most likely that these results are an average of values of different 
isoenzymes of GSH-T present in the cytosolic fraction. DMSO/ethanol (1:1, 
v/v) concentrations used in the assay (0.8%) did not affect the enzyme(s) 
(Figure IF). 
The reaction was also performed with freshly isolated hair follicles 
under standard conditions. It was found that glutathlone-conjugatlon to BPO 
could be measured adequately in one single hair follicle. Inhibition of the 
reaction by 17 0-estradlol-3-monosulfate and Hg, as well as absence of 
conjugation in boiled hair follicles, at O'C and in the absence of BPO, were 
comparable to that found with rat liver supernatant. 
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PIQURE 1. 
Kinetics of the enzymatic conjugation of ВР0 to glutathione by rat liver 
supernatant. All data are expressed as mean + S.D. (N = 3) and are obtained 
by substraction of the non-enzymatic blanks from the sample values. (A) 
Time-velocity relation (3 μΐ supernatant corresponding to 5.5 μg 
protein, 15 μΜ ΒΡ0, 400 μΜ GSH, pH 10.0) (В) Protein-velocity relation 
(5 min incubation, 15 μΜ ВРО, 400 μΜ GSH, pH 10.0) (С) pH-Velocity 
relation (5 min incubation, 5.5 μg protein, 15 μΜ ВРО, 400 μΜ GSH) 
(D) BPO-veloclty relation (5 min Incubation, 5.5 μg protein, 400 μΜ 
GSH, pH 10.0) (E) GSH-velocity relation (5 rain incubation, 5.5 μg 
protein, 15 μΜ ВРО, pH 10.0) (F) DMSO/ethanol-velocity relation (5 min 
incubation, 5.5 wg protein. 15 μΜ ВРО, 400 μΜ GSH, pH 10.0). 
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TABLE 1. The properties of glutathione-transferase. 
Samples Activity * 
Complete 100 
+ nö-estradiol-3-monosulfate (50 μΜ) 75 
+ HgCl2 (37 μΜ) 76 
Boiled liver supernatant 12 
incubation at 0oC 11 
without BPO 0 
*) The amount of BP-GSH formed in the control, complete experiment is 
expressed as 100%. The enzyme assay was performed as described in the 
section 'Materials and Methods'. 
We wish to emphasize that the optimal signal for the 
glutathlone-conjugate is only obtained after 3 min. The signal is then 
stable and 30% elevated. The following experiments were performed in order 
to establish the eventual consequence of this phenomenon for the 
experimental procedure: 
1. A spectrum was determined at several intervals between 0 and 15 min of 
irradiation. It was observed that the spectrum started to change only 
after 8 min of irradiation. 
2. The observed enhanced signal that was obtained after 3 min was lost when 
the sample was stored on ice for 15 min. Renewed irradiation again 
showed the same enhancement. 
It is evident that these factors do not negatively influence the accuracy of 
the determination. Although the exact molecular nature of the phenomenon Is 
not understood, the phenomena mentioned above strongly suggest the 
reversible formation of a hydroxy-benzo(a)pyrene radical upon irradiation 
(Prof. Laarhoven, Department of Organic Chemistry; personal communication). 
DISCUSSICI 
A number of assays for GSH-T has been described including titrimetric, 
colorimetrie, spectrophotometrlc and radiochemical methods using a variety 
of substrates (for a review see [8]). However, assays using substrates of 
the biologically important PAH have only employed radioactive substrates 
[5,9-11], most of them using a time-consuming TLC separation of the 
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conjugate. In addition, enzyme activity Is often measured at suboptimal pH 
due to the large contribution of non-enzyraatic conjugation. The present 
method combines an extreme sensitivity with the easy separation of 
glutathione conjugated with a non-radioactive PAH substrate. Optimal 
conditions (substrate, enzyme and glutathione concentrations) were obtained 
at 1/5 of those described by Cantfort et al. [9] who have used the same 
extraction principle. pH-optimum, time-dependence and non-enzymatic 
conjugation were quantitatively comparable between the former assay and the 
present one. The high pH-optiraum is rather unusual for cytosollc enzymes, 
but Is In accordance with results of others [5,9,11]. Although we have used 
BPO obtained from the National Cancer Institute, the compound can be 
synthesized relatively easily from benzo(a)pyrene [12]. 
Due to the extreme sensitivity the method is especially useful for 
application in extrahepatic tissues and cultured cells. Since human hair 
follicles have been introduced as indicator organs for assessment of 
Individual differences in susceptibility to chemical carcinogenesis, 
possibly reflected by differences in activities of carcinogen metabolizing 
enzymes among which GSH-T [13-16], we have studied the applicability of the 
present assay for human hair follicles. It was found that the enzyme could 
be detected in only one freshly Isolated hair follicle. Thus the present 
method is particularly useful for screening of high risk populations to 
identify interindividual differences in carcinogen metabolism. 
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CHAPTER 6 
GLUTATHION E TRANSFERASE 
IN HUMAN HAIR FOLLICLES 
SUMMARY 
A fluorimetrie assay for determination of glutathione transferase 
(GSH-T) activity In freshly Isolated human hair follicles or cultured cells 
is described. With this assay, basal levels of the enzyme in hair follicles 
have been compared between smokers and non-smokers. No significant 
difference between both groups could be detected. GSH-T was not elevated 
after treatment of cultured hair follicle keratinocytes with 
benz(a)anthracene or clotrimazole. The same result was obtained with 
cultured skin fibroblasts from Ah-responslve and Ah-non-responslve mice. The 
possible significance of basal GSH-T levels for assessment of the risk of 
individuals for the carcinogenic action of polycycllc aromatic hydrocarbons 
Is discussed. 
INTRODUCTION 
The tumorigenic properties of polycycllc aromatic hydrocarbons (PAH) 
are expressed only after their metabolism to reactive electrophlles [1]. 
These electrophlles can cause, by virtue of their binding to DNA, a 
disruption of normal cell replicative processes leading to cell 
transformation and tumor formation [2]. It should be realized that the 
activation to an ultimate carcinogen of a PAH is always occurring in balance 
with the Inactivatlon and detoxification of the compound. At every step of 
the activation process there Is a very high probability for inactivatlon or 
detoxification to occur. Therefore it seems logical that the balance between 
enzymes involved in activation and detoxification is crucial for the fate of 
PAH metabolized in the body and perhaps also for the Individual 
susceptibility to the adverse effects of PAH. By catalyzing the nucleophllic 
attack of the sulphur anion of glutathione (GSH) on the PAH-epoxide, GSH-T 
is certainly one of the major enzymes which contribute to the detoxification 
of activated PAH. 
Human hair follicles have been introduced for studies on the relation 
between metabolic processes and individual susceptibility to the carcinogenic 
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effects of PAH [3,4]. In order to allow such studies different techniques 
have been developed In recent years: methods for the cultivation, 
subcultlvatlon and cryogenic storage of hair follicle cells [5-7], methods 
for determining DNA levels and therefore the number of cells In small tissue 
biopsies in general and hair follicles or cultured hair follicle cells in 
particular [Θ] and micromethods for the determination of the enzymes aryl 
hydrocarbon hydroxylase (АНН) and epoxide hydrolase (EH) [9-11] and the 
binding of reactive PAH metabolites to DNA [12]. In activation and 
detoxification of PAH besides the above mentioned enzymes, GSH-T has also 
been mentioned as a factor in determining the level of reactive metabolites 
in the cell that may bind to DNA [13]. As a consequence a method for the 
determination of this enzyme in hair follicles and cultured hair follicle 
keratinocytes Is a prerequisite for further studies with this system. 
In the present paper we describe a method for determining GSH-T levels 
in freshly isolated human hair follicles and cultured hair follicle 
keratinocytes that fulfils this need. 
MATERIALS AND METHODS 
Chemicals 
Benzo(a)pyrene-4,5-oxlde (BPO) was obtained from the National Cancer 
Institute Chemical Repository at the IIT Research Institute (Chicago, II). 
Benzo(a)pyrene (BP) and benz(a)anttiracene (BA) were purchased from Janssen, 
Beerse, Belgium. Reduced glutathione (GSH) was from Boehrlnger Mannheim 
(Mannheim, FRG). 
Volunteers 
Volunteers were apparently healthy adults (n = 20; mean age 28 years). 
Ten of them were smokers (mean consumption 20 cigarettes per day during at 
least the last year, minimum consumption 5-10 cigarettes per day; mean age 
30 years) and 10 non-smokers (no cigarette consumption during the last 4 
years; mean'age 27 years). Each group consisted of 8 males and 2 females. 
Cell cultures 
Hair follicles were obtained from the scalp of healthy volunteers 
using a pair of tweezers. Only hair follicles with visible bulb and sheath 
were used. Human hair follicle keratinocytes were cultured as described 
earlier [5], using a natural basement membrane-like extracellular matrix 
(bovine eye lens capsules) as growth substrate. The lens capsules were fixed 
in a special culture dish, Epicult, purchased from sanbio BV, Uden, The 
Netherlands. 
Newborn СзтВІ/ю and DBA/a mice were used for the preparation of 
cultures of murine skin fibroblasts and epithelial cells. Human shoulder 
skin biopsies were used for the preparation of cultures of human skin 
fibroblasts, as described previously [14]. 
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Measurement of BP-metabolites 
Determination of the phenolic- and dihydrodiol-metabolites of 
benzo(a)pyrene was performed as described earlier [10,11]. 
assessment of GSH-T activity 
Three freshly isolated hair follicles were placed in an Eppendorf tube 
containing 520 μΐ aqua bidest. In case of cell cultures, scraped cells 
from the outgrowth in one Epicult dish were centrifuged and the cell pellet 
dissolved in 520 μΐ aqua bidest. The hair follicles or cultured cells were 
disrupted by a process of three times freezing and thawing. After 
centrifugation for 5 min in a minifuge, 243 μΐ of the supernatant was 
transferred to a tube to which 737 μΐ 5 mM Hepes/10 mM NaCl (pH 7.0) was 
added. The tubes can be frozen for subsequent determination of DMA in the 
samples (see below). 243 μΐ of the remaining supernatant was mixed with 
243 μΐ 200 mM Tris-HCl (pH 8.5) and the samples put on ice. 10 μΐ of 20 
mM GSH was added after which the vials were prewarmed for 5 min in a shaking 
water-bath at 370C. The remainder of the procedure was as described earlier 
[15], with a standard incubation time of 30 min. 
Pretreatment of cultures with BA or clotrimazole 
To asses the influence of BA or clotrimazole treatment on GSH-T 
activity, cultures were pretreated during 16 h with 10 μΜ BA, 10 μΜ 
clotrimazole or a combination of 10 μΜ BA and 10 μΜ clotrimazole as 
described earlier [14]. 
DNA-assav 
DNA was measured in the samples according to the DAPI method as 
described previously [β]. 
RESULTS 
Figure 1 shows the kinetics of the enzymatic conjugation of BPO to 
glutathione by freshly isolated hair follicles. It can be concluded that 
linearity is maintained up to 60 min of incubation (A) and 3 wg DNA (В). 
The pH-optimum Is reached at pH β.5 and the non-enzymatic addition of GSH to 
BPO is strongly pH-dependent and particularly manifest at pH > 9.5 (results 
not shown). BPO-concentrations exceeding 12 μΜ (D) and GSH-concentrations 
exceeding 500 μΜ (E) did not result in higher enzymatic rates. From Figure 
IB it can be concluded that enzymatic conjugation can already be detected 
with a DNA amount of 0.5 \¡q, i.e. 1 single hair follicle. 
GSH-T activity was determined in hair follicles of 10 smokers and 10 
non-smokers. The results are shown in Table 1. It can be concluded that 
basal levels do not significantly differ between smokers and non-smokers (P 
> 0.05). 
Cultured human hair follicle cells as well as mouse skin epithelial 
cells, human skin fibroblasts and mouse skin fibroblasts were pretreated 
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with 10 μΜ ΒΑ in order to verify whether induction of BP metabolism 
occurred under our experimental conditions (Table 2). GSH-T activity was 
subsequently determined in cultured human hair follicle keratinocytes 
pretreated during 16 h with 10 vM BA, 10 μΜ clotrimazole or a 
BPO-GSAigDNA-
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FIGURE 1. 
Kinetics of the enzymatic conjugation of BPO to glutathione, catalyzed by 
GSH-T from human hair follicles. All data are obtained using 3 hair 
follicles (except for B) and are expressed as mean of 5 determinations (mean 
+ S.D.). Values were obtained by substraction of the non-enzymatic blanks 
from the sample values. (A) Time-velocity relation (15 μΜ BPO, 0.65 mM 
GSH, pH 8.5) (B) Enzyme-velocity relation (30 min incubation, 15 μΜ BPO, 
0.65 mM GSH, pH Θ.5) (C) pH-velocity relation (30 min incubation, 15 μΜ 
BPO, 0.65 mM GSH) (D) BPO-velocity relation (30 rain incubation, 0.65 mM 
GSH, pH Θ.5) (E) GSH-velocity relation (30 min incubation, 15 μΜ BPO, pH 
8.5). 
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combination of 10 yM BA and 10 vM clotrimazole. The same procedure was 
performed with skin fibroblasts from the Ah-responslve mouse strain 
C57BI/10 and the Ah-non-responslve strain DBA/2. The results are shown 
In Table 3. 
TABLE 1. GSH-T activities In smokers and non-smokers. 
Smokers Non-smokers 
Sex Age Smoking 
habits ** 
Enzyme 
activity *** 
Sex Age Enzyme 
activity *** 
N 
M 
M 
M 
и 
Ν 
M 
M 
F 
F 
Mean 
30 
28 
37 
53 
23 
29 
23 
23 
23 
23 
5-10 
10-15 
20-25 
20-25 
15-20 
25-30 
15-20 
5-10 
10-15 
10-15 
65.3 
79.3 
80.4 
81.0 
84.2 
90.3 
93.1 
97.3 
104.5 
109.7 
88.5 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
10.4 
6.2 
12.0 
10.8 
9.8 
20.6 
7.9 
7.5 
14.6 
10.0 
13.2 
F 
M 
F 
M 
M 
N 
M 
M 
M 
M 
30 
26 
31 
26 
29 
27 
26 
26 
25 
26 
50.6 + 10.0 
68.2 + 11.2 
73.6 + 18.4 
79.1 + 7.3 
82.0 + 10.9 
84.5 + 14.1 
88.0 + 20.9 
96.8 + 5.8 
97.2 + 13.4 
101.0 + 6.1 
82.1 + 15.3 
*) M = maie, F » female. 
**) Smoking habits are expressed as the estimated dally consumption of 
cigarettes during the last year. 
***) Enzyme activity is expressed in pmol BPO-SG/yg DNA per 30 min. Values 
are the mean of 5 determinations + S.D. (for each determination 3 hair 
follicles were used). 
TABLE 2. Induction of formation of metabolites of BP in vitro by 
pretreatment with BA (10 μΜ). Data are expressed as the ratios 
between induced and basal amounts of metabolites formed and are 
the mean of five determinations + S.D. 
System 7,e-dihydrodiol 9,10-dihydrodiol phenols 
House skin epithelial 2.6 + 0.4 
cells 
House skin fibroblasts 3.2 i 0.6 
Human skin fibroblasts 1.1 + 0.2 
Human hair follicle 0.6 + 0.1 
keratinocytes 
2.8 + 0.6 
3.3 + 0.8 
0.9 + 0.2 
0.7 + 0.2 
8.2 + 1.9 
4.7 + 1.2 
4.1 + 1.0 
4.3 + 1.4 
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TABLE 3. Induclbllitly of glutathione transferase activity. 
Species 
Man * 
C57BI/10 ** 
DBA/2 ** 
GSH-T Induction 
BA 
0.90 + 0.24 
1.07 + 0.33 
1.17 + 0.65 
ratio after pretreatment with 
Clotrimazole 
1.09 + 0.31 
0.Θ9 + 0.19 
1.12 + 0.66 
BA + clotrimazole 
1.03 + 0.32 
1.10 + 0.26 
1.15 + 0.60 
*) Mean of 4 different volunteers analyzed 2-5 times. 
**) Mean of four cultures. 
It can be concluded that neither pretreatment with ΒΑ , clotrimazole 
nor a combination of these chemicals results in any significant alteration 
in GSH-T activity both in man and in Ah-responsive and Ah-non-responsive 
mice. 
DISCUSSION 
In the present paper we have adapted the previously described 
fluorometric assay for GSH-T [15] for application to human hair follicles. 
Although as a routine 3 hair follicles are used per assay the enzyme is 
already detectable In one single hair follicle. It was also found that basal 
levels of GSH-T in hair follicles did not differ significantly between 
smokers and non-smokers. The same conclusion has been drawn earlier with 
respect to aryl hydrocarbon hydroxylase (АНН) levels in human hair follicles 
[16]. When the enzyme activities of all volunteers are compared, the 
interindivldual range in activity of GSH-T is 2.2x, which corresponds with 
the findings of Oesch et al. in cultured fibroblasts from human skin 
biopsies [17]. This interindivldual variation In GSH-T activity is lower 
than that observed for АНН in hair follicles [18,19]. In these studies we 
also found a smaller range of epoxide hydrolase (EH) activity compared with 
the range for АНН. A similar result has been obtained by Greene and 
Jernstrom [20], who analyzed these enzymes in human lung microsomes. They 
suggest that the smaller range of EH and GSH-T activities compared to 
AHH-activity may be related to a greater sensitivity of the latter enzyme to 
environmental and other Inducers. 
These findings are confirmed by our own observations that GSH-T 
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activity was not Inducible in cultures of hair follicle keratlnocytes 
neither by BA (a common Inducer of PAH-metabollsm) nor by clotrimazole 
(which has been described by Mukhtar et al [21] as an inducer of rat GSH-T 
activity). Under the same experimental conditions, however, BP metabolism as 
a whole was Induced by BA. In cultures of both Ah-responslve and 
Ah-non-responslve strains of mice we also found GSH-T activity to be 
non-inducible. In contrast, AHH-activity has been found to be inducible in a 
wide range of human and animal tissues [16]. 
These results suggest that consecutive levels of GSH-T may be 
important in the determination of the fate of PAH In the body, while for АНН 
both basal and induced levels may be crucial. It must be noted that in 
murine cells both АНН and EH appeared to be induced while in the 
corresponding human cells only the formation of phenolic metabolites 
increased due to the pretreatment with BA. 
Both in murine and rat tissues, GSH conjugation catalyzed by GSH-T is 
a major factor in determining the level of the presumed ultimate 
carcinogenic metabolites of PAH [β]. For the model compound used in most 
studies concerning PAH metabolism, benzo(a)pyrene, the crucial carcinogenic 
metabolite is believed to be, at least for animal cells, the anti-isomer of 
the 7 ,8e-dlhydroxy-9a,10a-epoxy-7,8,9,10-tetrahydrobenzo(a)pyrene 
[22-24]. Benzo(a)pyrene has also been used as the model compound for most 
studies concerning carcinogen metabolism in the hair follicle system , such 
as assays of АНН and EH activities and the binding of reactive metabolites 
to DNA. The present method for GSH-T uses a derivative of benzo(a)pyrene, 
benzo(a)pyrene-4,5-oxide as a substrate and therefore fits in the series of 
techniques necessary to further elucidate the role of PAH metabolism in 
carcinogenesis. If in human tissues, like in murine and rat cells, GSH-T is 
a major factor in determining the intracellular levels of the 
above-mentioned ultimate carcinogen, the human hair follicle system could 
play an Important role in identifying individuals at risk to the 
carcinogenic action of PAH. 
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CHAPTER 7 
FORMATION OF PHENOLIC AND DIHYDRODIOL METABOLITES OF BENZO(A) PYRENE 
IN FRESHLY ISOLATED HAIR FOLLICLES OCCURS INDEPENDENTLY 
SUMMARY 
Freshly isolated hair follicles of 20 adult non-smoking volunteers 
were assayed for the formation of phenolic and dlhydrodlol metabolites of 
benzo(a)pyrene (BP). In each of a total of 14 experiments two volunteers 
were assayed simultaneously, and the ratios of both phenolic and dlhydrodlol 
metabolites of BP between the two individuals were determined. It was 
obvious that the mean interindividual variation in formation of phenolic 
metabolites was greater than the variation in formation of dlhydrodlol 
metabolites. No correlation existed between the amount of both types of 
metabolites formed. These observations indicate that for detection of 
differences in carcinogen metabolism to assess individual susceptibility to 
the carcinogenic action of polycyclic aromatic hydrocarbons (PAH), 
measurements of phenolic and dlhydrodlol metabolites of BP are not 
interchangeable. 
INTRODUCTION 
Carcinogen metabolizing enzymes may determine susceptibility to 
chemical carcinogens, especially PAH [1,2]. Thus, measurement of these 
enzymes in an appropriate human biopsy tissue might lead to identification 
of high-risk populations. However, It is not yet known what the enzymic 
determinants of the balance between carcinogen activation and deactivation 
are, and which of them are related to cancer risk. On the one hand, aryl 
hydrocarbon hydroxylase (АНН) Is the first enzyme involved in the formation 
of active metabolites (epoxides), on the other hand epoxide hydrolase (EH) 
provides the substrates for the formation of the supposed ultimate 
carcinogens of PAH, the diol-epoxides. Furthermore, conjugating enzymes may 
contribute to detoxification of carcinogens. Human hair follicles have been 
introduced as a convenient biopsy tissue for studies on Individual 
differences in carcinogen metabolism [3-5]. 
In this study we have analyzed the formation of phenolic and 
dlhydrodlol metabolites of BP In human hair follicles, to Investigate 
whether a correlation between both metabolic routes of BP exists. Phenolic 
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and dlhydrodiol metabolites of BP do reflect the activity of АНН and EH. 
respectively, in the cell. 
MATERIALS AND METHODS 
Volunteers 
Volunteers were non-smoking male and female adults. From a list of 20 
volunteers, pairs were selected at random. A total of 14 experiments were 
performed. As a consequence θ persons were assayed twice. Hair follicles 
were collected from the scalp at random. Only hair follicles with visible 
bulb and sheath were used. 
Measurement of BP-metabolism towards phenols and dlhydrodlols 
Phenolic metabolites of BP, which result from АНН activity, were 
determined according to the fluorometrlc method of Hukkelhoven et al. [5]. 
Dlhydrodiol metabolites of BP, resulting from EH activity, were determined 
by the radiochemical method described earlier [6]. By this procedure both 
"7,8- and 9,10-dihydrodiol metabolites of BP can be quantitated. For both 
assays 20 hair follicles from each person were incubated in triplicate. DNA 
in the hair follicles was determined by the mithramycin technique [7]. 
Activity was expressed as pmol phenolic metabolites/pg DNA/h or pmol 
dihydrodiol-BP/pg DNA/h. For each pair the ratio of phenolic as well as 
dlhydrodiol metabolites of BP between the individuals was calculated. 
RESULTS 
In Table 1 the results are summarized for all 14 experiments. In this 
Table the determinations of the two isomeric dlhydrodlols of BP are also 
given separately. It should be noted that the formation of the 
9,10-dlhydrodiol metabolite exceeds the formation of the 7,8-dihydrodiol 
metabolite in all volunteers (data not shown). However, as is shown in 
Figure 1, the intrapalr ratios of 7,8-dihydrodiol-BP and 9,10-dihydrodiol-BP 
do correlate well within each pair. Furthermore, from Table 1 It may be 
concluded that the mean intrapair difference in formation of phenols exceeds 
the difference In formation of dlhydrodlols (mean intrapalr ratio of phenol 
formation is 1.86 + 0.76, mean intrapair ratio of 7,8- and 9,10-dihydrodiol 
formation is 1.31 + 0.24). This is also illustrated by the fact that for the 
dlhydrodiol metabolites the intrapair ratio was never > 2, while for the 
phenolic metabolites this occurred in 50% of the cases. Figure 2 shows the 
correlation between phenol and dlhydrodiol formation in each pair. As can be 
concluded from the regression analysis there exists virtually no correlation 
between formation of phenolic and dlhydrodiol metabolites of BP in human 
hair follicles. 
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TABLE 1. Formation of BP-metabolites in hair follicles of pairs of 
Individuals. (A) intrapalr ratio of phenolic metabolites (B) 
intrapair ratio of Τ,θ-dihydrodiol-BP (C) intrapair ratio of 
9,10-dihydrodiol-BP (D) intrapair ratio of 7,8- and 
9,10-dihydrodiol-BP (E) intrapair ratio of 7,8- and 
9,10-dihydrodiol-BP with the highest activity In the numerator, 
lowest activity in the denominator. 
Pairs of Volunteers 
1 / 2 
3 / 4 
5 / 6 
5 / 7 
8 / 9 
9 /10 
1 / 2 
11/12 
13/ 3 
14/15 
16/17 
14/12 
12/18 
19/20 
(A) 
1.51 
2.03 
1.52 
3.40 
2.75 
1.11 
1.08 
1.26 
2.74 
1.01 
2.27 
2.13 
1.03 
2.21 
(B) 
1.38 
0.81 
1.24 
1.37 
1.79 
1.02 
1.56 
1.14 
0.95 
1.34 
0.51 
1.09 
0.85 
1.20 
(C) 
1.34 
0.83 
0.91 
1.23 
1.79 
0.99 
1.34 
1.39 
1.00 
1.95 
0.75 
1.13 
0.83 
1.48 
(D) 
1.36 
0.82 
1.08 
1.30 
1.79 
1.01 
1.45 
1.27 
0.98 
1.65 
0.62 
1.11 
0.84 
1.34 
(E) 
1.36 
1.22 
1.08 
1.30 
1.79 
1.01 
1.45 
1.27 
1.02 
1.65 
1.61 
1.11 
1.19 
1.34 
Intrapalr ratio of tormation 
of 7.e-dihvdrodiol B P 
1.δ-
Ι.О 
0.5 
0.5 1.0 1.5 2.0 
Intrapair ratio of formation of 9,10 dihydrodiol B P 
FIGURE 1. 
Relationship between intrapair ratio of 7,8- and 9,10-dihydrodiol formation. 
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у = 0.в55Х«0.22 
corr. coeff. s0.773 
Intrapair ratio of formation 
of dihydrodiol metabolites 
y = 0.002X + 1.18 
corr. coeff. =0.00A5 
• 
1 2 3 
Intrapair ratio of formation of phenolic metabolites 
FIGURE 2 . 
Relationship between Intrapair ratio of 7,8- and 9,10-dihydrodlol and phenol 
formation. 
DISCUSSION 
Human hair follicles have been suggested as a biopsy tissue from which 
It is possible to predict an Individual's overall ability to activate PAH 
[3-5,8]. The question that remains to be answered is which enzymatic 
parameters are important and whether or not biochemical end-points, such as 
DNA-bindlng, can serve as a standard for determination of individual 
susceptibility to carcinogens. 
In this paper we have found that the in ter individual variation in 
phenol formation exceeds the interindividual variation in dihydrodiol 
formation, using human hair follicles as biopsy tissue and BP as model 
compound for PAH. Low interindividual variation for EH has been reported for 
human lung microsomes [2], in human colonic biopsies [9] and in cultured 
human fibroblasts [10], while for АНН greater interindividual variation has 
been found, especially in microsomal preparations from human lung, liver and 
2-
1-
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placenta [11-13]. An explanation for the smaller interindividual variation 
in dihydrodiol formation compared to phenol formation could be that 
induction of EH in vivo or in vitro has never convincingly been reported for 
human tissues, while the induclbllity of АНН in various human tissues is 
well documented [14,15]. Moreover, it has been shown that in human bronchial 
epithelial cells [16] and in hair follicle and epidermal keratlnocytes [17] 
preincubation with benz(a)anthracene leads to increased BP-metabollsm 
towards phenols, but does not affect BP-metabolism towards dihydrodiols. 
In the present paper it is further demonstrated that formation of 
phenolic metabolites of BP does not correlate with formation of dihydrodiol 
metabolites. This is not surprising in view of the complex metabolism of BP, 
which is converted to at least 30 metabolites including phenols, epoxides, 
quiñones, dihydrodiols, diol-epoxides and a range of water-soluble 
conjugates [18]. Thus, if the concentration of phenolic or dihydrodiol 
metabolites plays an important role in the biological effects of PAH in the 
cell, measurement of these two types of metabolites cannot be interchanged 
in assessing an individual's susceptibility to the carcinogenic action of 
PAH. 
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PART3 
THE HUMAN HAIR FOLLICLE AS A BIOPSY TISSUE FOR STUDIES ON STERIOD 
METABOLISM IN RELATION TO ABNORMAL EPITHELIAL DIFFERENTATION 

CHAPTER 8 
SUBSTRATE SPECIFIC SULFATASE ACTIVITY FROM HAIR FOLLICLES 
IN RECESSIVE X-LINKED ICHTHYOSIS 
SUMMARY 
Recessive X-linked ichthyosis has its biochemical basis in a defect of 
the enzyme steroid sulfatase. Since several studies have reported a 
simultaneous deficiency of arylsulfatase С and steroid sulfatase it has been 
hypothesized that both enzymes are identical, in human hair follicles, 
however, hydrolytic activity for 4-methylumbelliferone sulfate, a substrate 
for arylsulfatase C, is found, while dehydroeplandrosterone sulfate, a 
substrate for steroid sulfatase, is not hydrolyzed at all. These findings 
suggested the possible existence of two different enzymes. In the present 
paper structure-activity studies and molecular energy calculations are used 
for the demonstration that the remaining sulfatase activity in hair 
follicles of patients with recessive X-linked ichthyosis can be explained on 
the assumption that the enzyme has not lost its total function but has 
become less efficient. 
INTRODUCTION 
Several major forms of ichthyosis can be distinguished on the basis of 
clinical features and mode of inheritance [1]. One of these forms, recessive 
X-linked ichthyosis (RXLI), is reported to occur in 1 of 6,000 males [2]. It 
is now generally accepted that RXLI has its biochemical basis in a defect of 
the enzyme steroid sulfatase [3,4]. The biochemical basis of the other forms 
has still to be elucidated. The mechanism by which steroid sulfatase 
deficiency causes RXLI is related to the accumulation of cholesterol sulfate 
in the stratum corneum membranes [5,6]. The altered ratio between 
cholesterol and cholesterol sulfate would change the physical properties of 
the stratum corneum membranes, resulting in ichthyotic scales. 
In recent years various methods have been developed for measuring 
steroid sulfatase. Several tissues have been used such as cultured 
fibroblasts [7,8], leukocytes [9], nails, callus and hair follicles [10]. 
The most commonly employed technique for the measurement of steroid 
Э 
sulfatase activity uses [ H]-dehydroepiandrosterone sulfate (DHEAS) as 
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substrate. It Is suitable for diagnosis of hemi- and heterozygous 
individuals with steroid sulfatase deficiency [11]. but is regarded rather 
t ime-consumlng. 
Several studies have reported a simultaneous deficiency of aryl-
sulfatase С and steroid sulfatase. It has therefore been hypothesized that 
both enzymes are identical [12-14]. In human hair follicles, however, 
hydrolytic activity for 4-methylumbelllferone sulfate, a substrate for 
arylsulfatase is found, while dehydroepiandrosterone sulfate is not 
hydrolyzed at all [15]. Therefore, up till now statements with regard to 
this question remain necessarily speculative. Most studies dealing with the 
question are not quite comparable due to different experimental conditions. 
In the present paper we use structure-activity studies and molecular 
energy calulations for the demonstration that the remaining sulfatase 
activity in hair follicles of patients with recessive X-linked ichthyosis 
can be explained on the basis of the assumption that the enzyme has not lost 
Its total function but has become less efficient. 
MATERIALS AND METHODS 
Patients and controls 
Twelve patients were examined in this study. Nine of them were 
affected members of two families with recessive X-linked ichthyosis and the 
other three patients had other dermatoses, as indicated in Table 1. Each 
case was diagnosed on the basis of clinical appearance, histological aspects 
and family history. Controls were five healthy male adults. 
Enzymatic hydrolysis of dehydroepiandrosterone sulfate and estrone sulfate 
The radiometric assay used is a modification of a method described by 
Faredin et al. [16]. Before each experiment [3H]-dehydroepiandrosterone 
sulfate (DHEAS; spec. act. 35 Ci/ramol) or [3H]-estrone sulfate (ES; 
spec. act. 40 Ci/ramol) was purified by silicagel thin layer chromatography 
(ethylacetate-ethanol-concn. NH40H: 5-5-1). The purified substrate was 
located with X-ray film, scraped from the silicagel plate and dissolved in 
200 μΐ distilled water. Subsequently 100 vl 2 M NH40H and 300 μΐ 
saturated (NH 4) 2S0 4 were added and DHEAS or ES was extracted 
three times with ethylacetate. After evaporation of the ethylacetate under a 
stream of nitrogen, the purified substrate was dissolved in ethanol. 
Hairs were plucked at random from the scalp. Only hair follicles with 
a visible bulb and sheath were used. For each determination 10 hair 
follicles were immersed in 200 μΐ incubation medium consisting of 50 mM 
Tris-HCl buffer (pH 7.4), 0.2 M sucrose and a NADPH-generating system (1 mM 
NADP, 20 гам glucose-6-phosphate, 1 unit glucose-6-phosphate dehydrogenase/ml 
and 0.5 raM MgCl2) [17]. All samples were incubated with 0.4 yCi 
purified DHEAS or ES for 4 hours at 37 0C. At the end of the incubation 
period 100 μΐ 2 M NH4OH and 300 μΐ (NH 4) aS0 4 were added. 
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TABLE 1. Docunentation on the patients. 
Age* Age of onset Family history Clinical picture Histology Diagnosis 
P| ЗОН Fron birth on 11 Hales affected. Extensive brownish scaling, 
females unaffected slightly encroaching in the 
flexures. Face, palms and 
Soles unaffected 
Hassi ve hyperkeratosis, stratum spinosun 
normal thickness 
X-linked ichthyosis 
34H 
1 
о 
1 
РЗ 
P4 
Ps 
Pfi 
P7 
Pe 
P9 
28H 
31H 
29H 
26H 
22H 
17H 
24H 
Slight to moderate scaling, 
predominantly on the 
extensor parts of the lints 
Fran birth on 5 Hales affected. Slight to moderate scaling. 
females unaffected Large brownish flakes on the 
lower parts of the legs. 
Flexures unaffected 
X-linked ichthyosis 
P|0 ЗОН Fran birth on 2 Hales and one 
female affected 
Brownish scales all over the 
body. Flexures involved 
Hyperkeratosis 
Acanthosis 
Lamellar ichthyosis 
28F Atopic dermatitis Papilicmatosis, acanthosis, hyperkeratosis, Atopic dermatitis 
parakeratosis, perivascular mononuclear 
infiltrate 
Pj2 51F Fran 12th year Pityriasis rubra pilaris Follicular hyperkeratosis, acanthosis. Pityriasis rubra 
hyperkeratosis, perivascular round cell pilaris 
infiltrate 
*) H = male, F = female. 
The Incubation medium was extracted three times with 500 μΐ ethylacetate. 
The organic phases were combined and evaporated to dryness under a stream of 
nitrogen. The steroids in the residue were dissolved In 10 μΐ ethanol, 
applied to slllcagel thin layer plates and chromatographed In the 
above-mentioned TLC system. The metabolites were examined 
autoradiographically by exposure of the plates to X-ray films after spraying 
with radiographic enhancer. For quantification of the metabolites the areas 
were cut out and the amount of radioactivity was determined in a LKB 121s 
Rackbeta liquid scintillation counter, using toluene/PPO/POPOP as 
scintillation fluid. 
Enzymatic hydrolysis of 4-methylurabelllferone sulfate 
The determination of the arylsulfatase С activity in hair follicles 
was essentially the same as described by Meyer at al. [15]. For each 
determination one hair follicle with a visible bulb and sheath was immersed 
in 50 vl 0.1 M phosphate buffer (pH Θ.0), which inhibits the activity of 
arylsulfatase A and B. The hair follicles were frozen (-20 "с) and thawed 
three times (room temperature) to improve the penetration of the substrate. 
Subsequently 100 yl 0.4 гам 4-methylumbelliferone sulfate (4-MUS) in 0.1 M 
phosphate buffer (pH Θ.0) was added. After 5 hours of incubation at 37 "C 
the reaction was terminated with 1 ml 0.1 M glycine/carbonate buffer (pH 
10.3). The fluorescence of 4-raethylumbelliferone was measured at an 
excitation wavelength of 365 nm and an emission wavelength of 450 run. It 
raust be stressed that the samples had to be diluted ten times in order to 
obtain a fluorescent signal within the range of our fluorescence 
spectrophotometer. 
Synthesis of equllenin sulfate 
The compound was prepared via the method described by Grant & Glen 
[18], with the notable exception of the work-up procedure, improving the 
yield significantly (from 69-90%). 95 mg d-equilenin was dissolved in 3.5 ml 
dry pyridine and added dropwise to a stirred solution of chlorosulfonic acid 
(350 mg, 3 mmol) in a mixture of dry chloroform (3.5 ml) and dry pyridine 
(1.7 ml) at 0 "C. After б hours at room temperature and 24 hours at 40 "C no 
starting material could be observed after thin-layer chromatography 
(trichloromethane-methanol-acetic acid: 95-20-3) and the mixture was 
concentrated in vacuo. The residual red oil was dissolved in methanol (13 
ml) and treated with decolorizing carbon. After removal of the charcoal the 
raethanolic solution was neutralized to an apparant pH of 7.8 by addition of 
1 M sodium hydroxide in methanol. The mixture was evaporated to dryness and 
the residue was dissolved in n-butanol and washed twice with water. The 
organic layer was evaporated to dryness. The crude product was 
reprecipitated by dissolution in methanol (5 ml) and dropwise addition to 
ether (70 ml). Centrifugation followed by two washings with ether and drying 
provided the equilenin sulfate as a TLC-homogenous off-white compound: yield 
118 mg (90%), R f = 0.21 (trichlororaethane-raethanol-acetic acid: 95-20-3) 
and [o]g2 = + 69 ( с = 0.25, H 20). 
Enzymatic hydrolysis of equllenin sulfate 
Optimal assay conditions for the sulfatase activity with equllenin 
sulfate in hair follicles were as follows: 5 hair follicles with visible 
bulb and sheath were added to 200 yl incubation medium consisting of 50 mM 
Trls-HCl buffer (pH 7.4), 0.2 M sucrose and a NADPH generating system (1 mM 
hIADP, 20 mM glucose-6-phosphate, 1 unit glucose-6-phosphate dehydrogenase/ml 
and 0.5 mM MgCl2) [17]. Subsequently 2 yl of a stock solution of 20 
rag/ml equilenin sulfate was added (dissolved in methanol-water: 1-1) and the 
samples were incubated for 4 hours at 37 0C. Due to the strong resemblance 
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of the excitation- and emission-spectra of equllenln and equllenln sulfate 
an extraction step was needed to quantify the amount of equllenln liberated. 
After the required incubation time the samples were therefore extracted 
three times with 500 μΐ n-hexane. The amount of equllenln In the combined 
extract was determined fluorlmetrlcally at an excitation wavelength of 292 
nra and an emission wavelength of 365 nra. 
Determination of DNA 
Measurement of the DMA content in the hair follicle samples was used 
to compensate for differences in hair follicle size and quality and was 
determined as described by Hukkelhoven et al. [19]. 
Molecular energy force field calculations 
Minimal molecular energies of the different desulfatized substrates 
were obtained with a molecular mechanics computational analysis [20] 
(MM2-program, Quantum Chemistry Program Exchange, QCPE 13, 395, Indiana 
University, Bloomlngton). 
RESULTS 
In Figure 1A the structures of the different substrates used are given 
together with cholesterol sulfate, a physiological important substrate for 
steroid sulfatase in skin and related to stratum corneum cell cohesion [6]. 
Figure IB shows that hair follicles of patients with recessive X-linked 
ichthyosis ( Ï N Q ) are deficient in their sulfatase activity towards DHEAS 
in comparison to controls (C ) and three patients with other dermatoses 
(P - .«)· The mean value of DHEA liberated is 0.0017 + 0.004 pmol/pg 10-12 
DNA/hour for the controls and 0.000 pmol/yg DNA/hour for the patients with 
recessive X-linked ichthyosis. However, with 4-raethylunibelliferone sulfate 
as a substrate, no deficiency of arylsulfatase С could be observed in the 
same patients versus controls (Figure 1С). The hair follicles of patients 
with recessive X-linked ichthyosis showed an average activity of 687 + 275 
praol 4-methylumbelllferone/vg DNA/hour which matches that of the controls: 
648 + 255 pmol/pg DNA/hour. 
Steroid structures were selected with the A and В rings resembling the 
rings of 4-methylumbelliferone sulfate. Estrone sulfate has a comparable A 
ring while In equllenln sulfate also the В ring shows some resemblance to 
4-raethylumbelliferone sulfate. Determination of sulfatase activity with 
estrone sulfate as a substrate gives results comparable to that obtained 
with DHEAS. Patients and controls can be easily distinguished (Figure ID). 
Mean sulfatase activity in controls: 0.124 + 0.047 pmol estrone liberated / 
VS DNA/hour versus 0.021 + 0.008 pmol/yg DNA/hour in patients. The use 
of equllenln sulfate as a substrate however does not allow discrimination 
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FIGURE 1. 
Determination of sulfatase activity in hair follicles. The data are 
expressed as the mean value + S.D. Cj_5 are healthy controls. Pj-g are 
patients with recessive X-linked ichthyosis. Pio-12 a r e patients with 
other dermatoses. The clinical diagnosis is listed in Table 1. (λ) 
Structures of the different substrates used for the determination of 
sulfatase activity. (B) Enzymatic hydrolysis of dehydroepiandrosterone 
sulfate (n=5). (c) Enzymatic hydrolysis of 4-methylumbelliferone sulfate 
(n=10). (D) Enzymatic hydrolysis of estrone sulfate (n=5). (E) Enzymatic 
hydrolysis of equilenln sulfate (n=5). 
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between patients and controls (Figure IE). The results of all four assays 
are summarized In Table 2. 
TABLE 2. Sulfatase activity In hair follicles of patients with recessive 
X-linked Ichthyosis and normal controls. All data are 
recalculated to pmol product/yg DNA/hour + S.D. 
Substrate Controls RXLI 
Dehydroeplandrosterone sulfate 0.017 + 0.004 0.000 + 0.000 
Estrone sufate; normal cone. 0.124 + 0.047 0.021 + 0.008 
ES: 500 times higher cone. 35.6 + 2.5 9.3 + 1.8 
4-methylumbelliferone sulfate; 648 + 255 687 + 275 
normal cone. 
4-MUS,· 40 times lower cone. 13.2 + 3.3 15.2+1.1 
Equllenin sulfate 151 + 42 150 + 43 
Since the two radiometric assays were performed at substrate 
concentrations that were an order of magnitude 5000 lower than those in the 
two fluorimetrie assays, changes in these concentrations were investigated 
for a possible effect on sulfatase activity in hair follicles of patients 
with recessive 'X-linked ichthyosis. The results for estrone sulfate 
concentrations that were 500 times increased and 4-methylumbelliferone 
sulfate concentrations that were 40 times decreased are also shown in Table 
2. It is evident that at these concentrations the results are still 
comparable to the previous situation. Hair follicles of patients with RXLI 
show activity towards 4-methylumbelliferone sulfate but not towards estrone 
sulfate as a substrate. 
Molecular energy calculations were performed with the aim to 
investigate whether or not the above results had to be explained by the 
existence of one or more sulfatases in hair follicles. 
According to the Hammond postulate [21] a one step endothermic process 
will have a transition state (activated complex) with a structure and 
geometry very similar to the product to be formed. The relative stability of 
the endproduct in such a reaction will therefore influence the transition 
state level and as a consequence the reaction rate. Consequently, the 
-105-
endproduct having the highest stability (lowest molecular energy = MM2 
energy) will have the highest reaction rate. In Table 3 the relative 
molecular energies of the molecules are depicted. 
TABLE 3. Minimal molecular energies of each of the desulfatised 
substrates,as calculated with the MM2 program (expressed in 
arbitrary units). 
Force field DHEA Estrone Equilenin 4-Methyl 
paramaters umbelliferone 
Strain 
Stretch-bend 
Van der Waals 
Binding 
Torsion 
Dipole 
0.63 
0.14 
5.ΘΘ 
1.41 
4.24 
0.20 
0.44 
0.05 
5.95 
2.15 
2.34 
0.06 
0.22 
-0.03 
4.85 
0Л5 
0.23 
0.00 
0.16 
-0.01 
5.32 
4.14 
-0.29 
0.09 
MM energy: 12.50 10.98 6.02 9.41 
DISCUSSION 
For a dermatologist it is of importance to select therapy as much as 
possible according to the individual situation of the patient. A molecular 
approach has often allowed to further subclassify diseases that could not be 
distinguished on the basis of clinical appearranee. In the present paper we 
use molecular energy calculations in order to explain the presence of 
arylsulfatase С activity in hair follicles of patients with recessive 
X-linked ichthyosis. 
Assuming that the mechanism of hydrolysis of all sulfatas is identical 
we may compare molecular energies with the aim of predicting reaction 
velocities if the molecular structures are not to much different. Structural 
formulas of estrone sulfate and equilenin sulfate fulfill this criterion. 
Both molecules differ only in two double bands in the В ring of the steroid. 
Molecular energies are 10.98 and 6.02 for estrone and equilenin 
respectively. As such it would be expected that in the normal situation 
formation of free equilenin would be an order of magnitude higher than that 
of free estrone formation. A deficient enzyme no longer functioning 
optimally might just be capable of hydrolyzing equilenin sulfate but would 
no longer be capable of hydrolyzing estrone sulfate. Comparison of estrone 
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and dehydroeplandrosterone sulfate Is more difficult. The binding component 
Is higher In estrone than In dehydroeplandrosterone, but the torsion 
component (see Table 3) behaves different and is higher in dehydroepl­
androsterone than In estrone, consequently, the energy difference between 
both molecules Is relatively low. Therefore an important difference in the 
velocity of hydrolysis is not to be expected on the basis of these 
theoretical grounds. The molecular structure of 4-methyluiubelliferone 
differs to much from the steroids to allow a comparison on the basis of 
molecular energy levels. 
The above reasoning allows to explain our present observations with 
regard to different substrates on the basis of one single enzyme system 
which is aberrant In patients with recessive X-linked ichthyosis. It Is not 
yet known whether the same aberration is present In all patients with 
recessive X-linked ichthyosis. The enzyme steroid sulfatase may well be 
malfunctioning in different families with recessive X-linked ichthyosis on 
the basis of different mutations. Moreover, steroid sulfatase may consist of 
different isoenzymes which are not necessarily all affected by a specific 
mutation of the enzyme. The controversy described In the literature with 
regard to the absence of either steroid sulfatase or arylsulfatase С or of 
both enzymes in different tissues should be reviewed in the light of this 
reasoning. 
The clinical appearance of recessive X-linked ichthyosis may differ 
enormously between patients. It is tempting to speculate that the molecular 
basis of this phenomenon could be found in the presence of different 
mutations. Both families In our study appear to have a mutation which allows 
the hydrolysis of substrates leading to a low energy product at an almost 
normal rate. Other mutations leading to an even lower rest activity of the 
enzyme could be theoretically expected to have a more severe clinical 
appearrance. On the basis of our present results the existence of possible 
different mutations at the same locus (allellsm) could be simply checked by 
measuring in different families the hydrolytlc capacity of hair follicle 
sulfatase towards for example estrone sulfate and equilenin sulfate. This 
may allow a further subclasslflcatlon and diagnosis of recessive X-linked 
ichthyosis. 
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CHAPTER 9 
STUDIES ON THE LOCAL ACTIVITY OF ANTIANDROGENS AT 
THE MOLECULAR AND HISTOLOGICAL LEVEL 
SUMMARY 
Androgen dependent skin disorders are important In clinical practice. 
Effective topical antlandrogens would lead to a breakthrough In their 
treatment. Although many attempts have been performed to develop such 
compounds, major successes have not been forthcoming. In the present study 
three existing antiandrogenic molecules have been compared with regard to 
their effect on androgen metabolism, receptor competition and on 
histological parameters in the hamster flank organ test. It appears that the 
effect on the hamster pigmented spot can be predicted on the basis of 
molecular mechanism. However, the effects on histological parameters are 
apparently dependent on additional factors such as metabolism of the active 
substance before reaching the sebaceous structure or limited penetration 
through the skin surface. The results indicate that in the development of 
new antlandrogens pre-screening can be performed with the aid of metabolic 
and receptor studies, while the histological parameters In the hamster flank 
organ test provide an animal model with a good predictive value. 
INTRODUCTION 
Topical application of cyproterone acetate in certain androgen 
dependent disorders of the skin has not resulted in satisfactory clinical 
improvement [1,2]. Oral Intake, however, in the form of a contraceptive pill 
has proven to be helpful in acne and hirsutism [3]. Like progesterone, 
cyproterone acetate and cyproterone are known to antagonize the effects of 
endogenous and exogenous testosterone in the androgen target tissues. 
However, unlike progesterone, which is known to be a 5Gi-reductase inhibitor 
[4-6], cyproterone acetate and cyproterone elicit their biological 
antagonism by competing for the binding sites on the cytosolic receptor 
[5,1]. Moreover, cyproterone acetate inhibits gonadotropin secretion, which 
in turn causes a decrease in the blood level of endogenous androgens [8]. 
Studies at the molecular level may contribute to a better understanding of 
local antiandrogenic action and facilitate the search for molecules with an 
adequate clinical effect. 
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In the present study we compared the peripheral antlandrogenlc 
activity of progesterone, cyproterone acetate and cyproterone with regard to 
their effect on androgen metabolism, receptor competition and on 
histological parameters In the hamster flank organ test. 
MATERIALS AMD METHODS 
Materials 
[lo,2a(n)-3H]-Testosterone (specific activity 51 Ci/mmol) was 
obtained from the Radiochemical Centre, Amersham, UK. [1.2,4,5,6,7-3H]-
Dlhydrotestosterone (specific activity 131 Ci/mmol) was purchased from New 
England Nuclear, Boston, USA. Both radiolabeled steroids were purified 
chromatographlcally before use. Unlabeled testosterone, dlhydrotestosterone 
and progesterone were obtained from Sigma, St Louis, USA. 
Androgen metabolism 
Human hair follicles were plucked from several areas of the scalp and 
only those with visible bulb and sheath were employed. For each measurement 
15 hair follicles were gathered and immersed immediately into 0.2 ml 
incubation mixture (50 mM Tris-HCl buffer pH 7.5, containing 0.2 M sucrose, 
100 units penicillin G/ml and a NADPH-generatlng system (1 mM NADP, 20 mM 
glucose-6-phosphate, 1 unit of glucose-6-phosphate dehydrogenase and 0.5 mM 
MgCl2)). The incubation was started by the addition of 0.4 uCi 
[3H]-testosterone. When the effects of cyproterone, cyproterone acetate 
and progesterone on the metabolism of testosterone were tested, these 
steroids were added to the incubation mixture at a concentration of 0.3 mM. 
All samples were incubated at 37 "C for 4 h, under air. The isolation and 
quantification procedure was as described earlier [6], with only a slight 
modification: for thin layer chromatography the plates were run twice in a 
solvent system of dichlororaethane:ether (9:1). 
Receptor binding assay 
The ability of cyproterone, cyproterone acetate and progesterone to 
compete for binding to the androgen receptor of human genital skin 
fibroblasts was investigated in a whole-cell receptor binding assay. The 
dlhydrotestosterone receptor assay was carried out as described earlier [9]. 
Briefly, confluent cell monolayers In 100 mm Petri-dishes were incubated for 
45 min at 37 °C with serum-free medium containing radiolabelled 
dlhydrotestosterone alone or with various concentrations of cyproterone, 
cyproterone acetate and progesterone added to the culture plates. Specific 
receptor bound steroid in the cell lysate from each plate was measured by a 
charcoal adsorption method, and was normalized for DNA content. 
Hamster flank organ test 
The hamster flank organ test was essentially as described by Voigt and 
Hsla [10] and Vermorken et al. [11]. At the beginning of treatment and every 
week thereafter, the animals were closely shaven with an electric clipper to 
expose the flank organs and adjacent skin for visual observation. The female 
hamsters (8 weeks of age) were separated into nine groups of five animals 
and treated according to the following scheme: Group 1: 4 μg testosterone 
(Τ): Group 2: 4 vg Τ + 400 yg progesterone (P) : Group 3: 4 vg Τ + 400 
vg cyproterone acetate (CA): Group 4: 4 pg Τ + 400 yg cyproterone 
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(сур): Group 5: 4 yg 5a-dlhydrotestosterone (DHT): Group 6: 4 vg DHT + 
400 мд P; Group "7: 4 vg DHT + 400 pg CA: Group 8: 4 мд DHT + 400 
iig cyp: Group 9: acetone (solvent solution). The steroid solution (in 50 
μΐ acetone) was applied topically on one of the flank organs of each 
animal while 50 μΐ acetone alone was applied to the contralateral flank 
organ which was used as the control. A small pipette was used to deliver the 
solutions and care was taken that the applied material did not run from the 
area of the flank organ. Five applications were made every week and once a 
week the longest diameter of the organs was measured. After three weeks of 
treatment squares of shaven skin containing the flank organ were excised for 
histological and morphological evaluation. The procedure was as described 
previously [12], with only a slight modification: the area of the sebaceous 
gland structures was determined with the aid of a graphic tablet (Bitpad), 
that was connected with a mini-computer (MINC with LS-11 processor, Digital 
Equipment Corporation). 
RESULTS 
Androgen metabolism studies 
In experiments where human hair follicles were incubated with 
radioactive testosterone, several metabolites were formed (Figure 1). In 
Figure 2 a typical example of an autoradiograph obtained after incubation is 
shown. Addition of progesterone, cyproterone acetate and cyproterone (see 
Figure 3 for the molecular structures of these compounds) revealed that only 
progesterone has an Important 5a-reductase inhibitory effect (Figure 2 and 
Table 1). 
TABLE 1. Inhibition of 5a-reductase activity in human hair follicles. 
Inhibitor added 5a-reduced steroids formed * 
None (control) 100 
progesterone 2 
cyproterone 96 
cyproterone acetate 93 
*) The amount of 5a-reduced metabolites formed (using [ Ή ] -
testosterone as a substrate) in the control experiment is expressed as 
100%. 
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Metabolism of testosterone In the human skin. Abbreviations used for the 
enzyme reactions are: 5aR = 5o-reductase. Π -HSD = Π -hydroxysteroid 
dehydrogenase. 3o-HSD = За-hydroxysteroid dehydrogenase. 3/3-HSD = 3/3-
hydroxysteroid dehydrogenase. 
Receptor binding studies 
In order to determine the relative binding capacity of progesterone, 
cyproterone and cyproterone acetate to the androgen receptor, competition 
studies were performed using radioactive dihydrotestosterone and unlabelled 
competitor. It was shown that cyproterone acetate has an affinity towards 
the androgen receptor that is more than 10 times higher than that of 
cyproterone ( which in turn Is 5 times than the affinity of progesterone 
towards the androgen receptor; Figure 4 and Table 2). 
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FIGURE 2 . 
Autoradiograph of a chromatogram of the organo-soluble metabolites of 
[3H]-testosterone. (A) incubation without tissue (blank). (B) 
incubation with human hair follicles. (C) incubation with human hair 
follicles in the presence of progesterone (0.3 mM). (D) incubation with 
human hair follicles in the presence of cyproterone (0.3 mM). (E) 
incubation with human hair follicles in the presence of cyproterone acetate 
(0.3 mM). 
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Structures of the antiandrogens investigated. 
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TABLE 2. Competition of [3H]-dihydrotestosterone specific binding by 
unlabeled steroids. 
Non-radioactive steroid 
used as competitor 
Competitor concentration needed to 
displace 50% of maximal specific ЭН-
dlhydrotestosterone binding (ID50) 
Dihydrotestosterone 
Progesterone 
Cyproterone 
Cyproterone acetate 
4 . 3 χ Ι Ο - 9 M 
3 2 3 . 4 χ 10"» M 
6 6 . 4 χ 1 ( Γ β M 
5.0 χ 10~» Μ 
Β/Bc 
FIGURE 4 . 
ο dihydrotestosterone 
• cyproterone acetate 
• cyproterone 
progesterone 
IO 20 50 100 200 400 (nM) 
non radioactive steroid 
Competition studies of [3H]-dihydrotestosterone binding in human genital 
skin fibroblasts in the presence of progesterone, cyproterone acetate and 
cyproterone. 
The results mentioned above indicate that progesterone is purely 
acting as a 5a-reductase inhibitor (mechanism A in Figure 5), whereas 
cyproterone acetate and, to a lesser extent, cyproterone are almost purely 
acting as receptor antagonists (mechanism В in Figure 5). 
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Schematic representation of the intraction of testosterone with a dihydro-
testosterone-dependent androgen target cell. Abbreviations: A = point of 
inhibition by antiandrogens which inhibit 5o-reductase. В = point of 
inhibition by antiandrogens, which block receptors [5]. 
Hamster flank organ test 
The hamster flank organ test was performed in order to compare the 
action at the molecular level with the effect in a generally accepted in 
vivo model system. Figure 6 demonstrates the effect of application of 
different androgen and antiandrogen mixtures on the pigmented spot of female 
hamsters. Testosterone increased the size of the pigmented spot at the 
treatment side. This effect was antagonized both by progesterone and 
cyproterone acetate (P<0.01). However, no significant antagonizing effect 
could be observed for cyproterone. When dihydrotestosterone was used as the 
androgen only cyproterone acetate was capable of antagonizing the androgenic 
response to a significant extent. Histological studies revealed that only 
cyproterone acetate (and not progesterone) could antagonize the androgenic 
stimulation of the sebaceous gland structure by both testosterone or 
dihydrotestosterone significantly. However, even cyproterone acetate does 
not reduce sebaceous gland sizes more than about 50% (Table 3). 
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FIGURE 6. 
Visual assessment of the size of the pigmented spot of the left (L,treated) 
and right (К,control) flank organs of female hamsters. Group 1-9 are treated 
as described in the section Materials and Methods. 
TABLE 3. Histological assessment of the response of the flank organs of 
female hamsters to treatment. 
Group Treatment Length of 
sebaceous 
structure (ram) 
Cross-sectional area 
sebaceous structure 
(arbitrary units) * 
1 
2 
3 
4 
5 
6 
7. 
θ 
9 
4 vg Τ 
4 pg Τ + 400 vg Ρ 
4 vg Τ + 400 vg CA 
4 vg τ + 400 vg cyp 
4 vg DHT 
4 vg DHT + 400 vg Ρ 
4 vg DHT + 400 vg CA 
4 vg DHT + 400 vg cyp 
a c e t o n e 
5 . 0 9 + 0.87 
4 . 4 4 + 0 . 6 3 
3 . 5 0 + 0 . 2 9 
4 . 3 6 + 0 . 5 5 
5 . 5 2 + 0 . 2 2 
4 .77 + 0 . 7 1 
4 . 4 1 + 0 . 3 9 
5 . 6 2 + 0 . 6 9 
3 . 3 2 + 0 . 3 2 
199.41 + 4 5 . 8 2 
1 7 0 . 3 1 + 2 6 . 9 1 
8 8 . 0 4 + 7 . 7 6 ** 
1 9 6 . 8 4 + 1 5 . 8 3 
196.48 + 10.77 
1 7 3 . 7 1 + 3 8 . 4 4 
1 1 5 . 2 6 + 1 0 . 6 2 ** 
2 0 1 . 5 6 + 1 4 . 8 8 
3 5 . 8 9 + 5 . 3 2 
Determinations were made In the largest cross-section. Values are 
expressed as mean + S.D. of five determinations for each group. 
P<0.01, significantly different from group 1 and 5, respectively 
(statistical significance of the results was assessed using Student's 
't'-test). 
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DISCUSSION 
An effective topical antiandrogen could lead to a breakthrough in the 
treatment of several dermatological disorders. It is therefore remarkable 
that the progress in the field of the development of these drugs has been 
limited, although attempts have been numerous [13-16]. The hamster flank 
organ model has been used in many studies in this field. In the early years 
only the effect on the pigmented spot was studied. More recently, 
histological evaluation of the effect on the sebaceous gland has been 
selected as a more specific test with a higher predictive value. 
in the present study the effects of three molecules with 
antiandrogenic potential have been compared at the molecular level with 
regard to androgen metabolism and receptor binding. Our results demonstrate 
that the inhibitory potential on human hair follicle 5o-reductase is 
comparable to that described in other organs [9,17-19]. Therefore the human 
hair follicle, which can conveniently be obtained, is a suitable biopsy 
tissue that could be used for evaluating inhibitors of androgen metabolism. 
Experiments concerning receptor interaction clearly demonstrate that 
competition for dihydrotestosterone by cyproterone acetate is significant 
and probalby explains its peripheric antiandrogenic action. 
It is remarkable that both progesterone and cyproterone acetate have 
an equal effect on the pigmented spot when applied simultaneously with 
testosterone, whereas their effect on the histological parameters is 
completely different, progesterone being almost ineffective. Our results 
suggest that the pigmented spot, due to its localization at the skin 
surface, reacts almost unvariably as expected by the molecular mechanism. In 
contrast, the influence on the histological parameters cannot be immediately 
predicted by this molecular mechanism. Additional factors, such as for 
example metabolic conversion of the active substance before reaching the 
sebaceous gland structure or limited penetration through the skin surface 
may play a role. In this respect it should be noticed that the ratio 
cyproterone acetate/dihydrotestosterone in the receptor binding assay, 
required for a 50% competition is about 2.5, which is similar to that 
between progesterone and testosterone in the 5a-reductase assay: 2.1 [6]. 
As a consequence the comparable action of both antiandrogens on the 
pigmented spot is understandable. The complete lack of action of 
progesterone on the sebaceous structure is therefore indicating that indeed 
additional factors, such as mentioned above, interfere before the molecules 
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reach their target tissues. 
It is evident that the local antiandrogenic action of cyproterone 
acetate is small. In the hamster flank organ test a hundred-fold excess is 
only capable of inhibiting the stimulation of the sebaceous gland by 
androgens by 50%. This is in accordance with the lack of effect in 
experiments using the intact male hamster (Vermerken at al. paper in 
preparation) and with the unsatisfactory results in clinical trials [1,2]. 
It Is to be expected that for a local antiandrogenic effect in the 
clinical situation a 50% inhibitory effect in the hamster flank organ test 
should be obtained at concentrations equal to that of dihydrotestosterone. 
This would mean that at the androgen receptor level the binding affinity of 
the antiandrogen should be much higher than that of dihydrotestosterone. The 
latter may explain the difficulty of the task of developing effective 
locally active antiandrogens, a difficulty that has been recognized by 
almost all the workers in the field. One may however conlcude that at least 
for the molecules tested the histological parameters of the hamster flank 
organ provide an animal model with a realistic predictive value. 
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CHAPTER 10 
IS, INCREASED 5 « -REDUCTASE ACTIVITY A PRIMARY PHENOMENON 
IN ANDROGEN DEPENDENT SKIN DISORDERS? 
SUMMARY 
Testosterone mefabolisra was investigated in fractions of human skin, 
enriched in epidermis, dermis, sebaceous glands and sweat glands, by 
histological sectioning of skin punch biopsies, and the results were 
compared with two culturable skin cells; i.e. keratinocytes and fibroblasts. 
Since sebocytes could not be brought in culture, metabolism was also 
investigated in the hamster flank model. In epidermal tissue of the skin 
biopsies the predominant metabolite was androstenedione, formed by the 
enzyme n/J-hydroxysteroid dehydrogenase. The same was true for cultured hair 
follicle keratinocytes. In the deeper skin layers the formation of 
androstenedione was markedly reduced, whereas the formation of 50i-reduced 
metabolites was highly increased, with a maximum in the skin fractions 
containing large sebaceous glands. Cultured shoulder skin fibroblasts showed 
a markedly different testosterone metabolism as compared to the sectioned 
skin biopsies, suggesting that dermal fibroblasts play a less important role 
in overall skin testosterone metabolism. The present approach, allowing the 
comparison of testosterone metabolism in different substructures of the same 
skin biopsy provides new evidenc that the high 50f-reductase activity in the 
specific skin fractions must be mainly ascribed to the sebaceous glands. 
These results render a previous hypothesis, stating that the elevated level 
of 5 « -reductase and subsequent formation of dihydrotestosterone in 
androgenetic alopecia and acne (usually accompanied by seborrhoea) could 
therefore simply be the consequence of sebaceous gland enlargement, much 
stronger. This hypothesis is further evaluated by quantitative correlation 
of sebaceous gland size with enzyme activity in the hamster flank model. 
INTRODUCTION 
Acne and androgenetic alopecia, two common disorders, are known to be 
under influence of androgens. The mechanism of action in the skin is thought 
to be analogous to that in the prostate [1]. The major circulating 
androgen, testosterone, is converted to 5a-dlhydrotestosterone (DHT) by 5Qf-
steroid reductase. It has been suggested that acne and male-pattern baldness 
might involve an increased local formation of this active androgenic 
molecule. Sansone & Reisner [2] demonstrated that an increased metabolism of 
testosterone resulting in a higher formation of DHT, occurs in the skin of 
acne patients. Moreover, in balding scalp skin a higher formation of 
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5a-reduced metabolites of testosterone, compared to non-balding regions, 
could be observed [3]. Prom studies with whole skin slices It Is not clear 
which specific substructure In the skin might be Involved In the Increased 
DHT formation. Increased testosterone metabolism In these disorders could be 
related to changed size of different substructures of the skin. It remains 
therefore unclear whether the observed increase of 5a-reductase activity 
and subsequent DHT formation Is a primary cause, or only a secondary effect 
In acne and androgenetlc alopecia. 
In the present study we Investigated testosterone metabolism in slices 
of human skin, enriched in epidermis, dermis, sebaceous glands and sweat 
glands, by histological sectioning of skin punch biopsies. The metabolic 
pattern was compared with that in two types of cultured skin cells, i.e. 
(hair follicle) keratinocytes and fibroblasts and, since sebocytes could not 
be brought in culture, with that in the male hamster flank organ, which is a 
skin structure consisting predominantly of sebaceous gland tissue [4,5]. The 
aim of the present study was to analyze 5a-reductase activity in different 
layers of the same skin biopsy In order to relate it to specific skin 
organelles. To our knowledge it is the first time that quantitative results 
of this level of sophistication are presented. 
MATERIALS AND METHODS 
Histological sectioning of skin biopsy samples 
Punch biopsies were taken from the fronto-parleto-occipltal region of 
human balding skin, immediately frozen in liquid nitrogen and stored at -80 
"C until further use. Histological sections of the skin were prepared using 
a Walter-Dittes cryostat at -25 0C. Sections were either fixed in 
formaldehyde and evaluated by light microscopy or collected in Eppendorf 
caps for determining testosterone metabolism. 
Culturlng human hair follicle keratinocytes and human skin fibroblasts 
Human hair follicles were plucked at random from several ares of the 
human scalp and were cultured on the bovine lens capsule (an extracellular 
matrix), in an especially designed culture dish; the Epicult (Sanbio BV, 
Uden, The Netherlands), as described earlier [6]. Human skin fibroblasts 
were obtained from shoulder skin biopsies of healthy volunteers [7]. 
Cultures used, either of hair follicle keratinocytes (3-4 weeks of age) or 
of skin fibroblasts (before the 10th passage) were confluent. 
Determination of testosterone metabolism 
The metabolism of testosterone was determined in total human skin 
punch biopsies, in fractions of human skin punch biopsies prepared by 
histological sectioning, in isolated hair follicles, cultured hair follicle 
keratinocytes, cultured skin fibroblasts, male hamster flank organs and 
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adjacent hamster skin. Total human skin biopsies (4 ram diameter) and 10 rog 
aliquots of male hamster flank organ or adjacent hamster skin were minced 
with the aid of scissors, prior to Incubation, whereas fibroblasts were 
scraped from the Petrl-dlsh with a rubber policeman. The total outgrowth 
originating from a hair follicle was removed from the lens capsule and used 
to determine testosterone metabolism. The samples were incubated with a 
physiological concentration of testosterone (0.05 vM [lo,2a-3H] 
testosterone, specific activity 51.5 Ci/mmol) in 0.2 ml 50 mM Tris-HCl, 
containing 0.2 M sucrose, 100 units penicillin G/ml and a NAUPH-generatlng 
system (1 mM NADP, 20 mM glucose-6-phosphate, 1 unit glucose-6-phosphate 
dehydrogenase/ml and 0.5 mM MgCl 2). All other experimental conditions 
were as described earlier [8]. 
Identification of testosterone metabolites 
For identification purposes steroid metabolites were extracted from a 
thin-layer chromatogram and subjected to acetylation and oxidation, as 
described by Koninckx et al. [9]. The procedure of acetylation results in a 
number of acetyl groups In the molecule equal to the original number of 
hydroxyl groups, whereas oxidation forms =o functions from hydroxyl groups. 
Identification of metabolites was performed by comparing unchanged and 
acetylated or oxidized metabolites with reference steroids In one- and 
two-dimensional thin-layer chromatography systems. The chromatographic 
systems used were: 
(A) One-dimensional thin-layer chromatography: 
- dichloromethane-diethylether (9:1), run twice [system 1] 
- methanol-chloroform (1:57) [system 2] 
(B) Two-dimensional thin-layer chromatography; 
- dichloromethane-diethylether (9:1) run twice (first dimension) and 
toluene-ethylacetate (1:1) (second dimension) [system 3]. """ 
Androstenedione and testosterone spots on thin-layer plates were visualized 
under UV-light by the presence of their 3=0,Δ4~5 structure. 
Morphometrical evaluation of sebaceous gland area 
Transverse sections through human skin biopsy specimens, cut from 
epidermis to dermis, and largest cross-sections of male hamster flank organs 
or comparable areas of normal hamster skin were taken for morphometrical 
analysis of the sebaceous gland area. A microscopic image was projected at a 
fixed magnification and the total area of the sebaceous gland structures was 
determined with the aid of a graphic tablet (Bitpad), that was connected to 
a mini-computer (MINC with LSI-11 processor. Digital Equipment Coorporation) 
[10]. 
Determination of DNA 
DNA content was determined in hair follicles, cultured hair follicle 
keratinocytes and skin fibroblasts with the DAPI technique described by 
Hukkelhoven et al. [11] to compensate for differences in the cell quantity 
of these samples. 
RESULTS 
Histological cross-sections were made through several biopsy specimens 
in order to investigate the presence of several structures In the biopsies 
and to determine the thickness of the various layers in the skin. On the 
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basis of these observations a scheme was drawn for dividing the skin 
biopsies In several layers: the total skin biopsy was separated into 7 
layers, as described in Table 1. The sections of each layer were collected 
in Eppendorf caps; between each layer a section of 10 vm thickness was 
taken for morphologic evaluation. Figure 1 shows the most Important sections 
between the different layers. 
TABLE 1. Sectioning of human skin punch biopsies. 
Fraction Thickness of the sample Description 
6 sections of 40 ym 
6 sections of 40 vm 
7 sections of 40 vm 
4 
5 
6 
7 
7 
7 
7 
7 
sections of 
sections of 
sections of 
sections of 
40 
40 
40 
40 
vm 
vm 
vm 
vm 
epidermis 
dermis, stratum papillare + 
stratum reticulare 
dermis, containing the pllo-
sebaceous ducti 
sebaceous gland containing zone 
sebaceous gland containing zone 
sweat gland containing zone 
sweat gland containing zone 
*) The sections of each fraction were collected in Eppendorf vials and 
used for determining testosterone metabolism (fractions of two skin 
biopsies were pooled). Between each fraction a 10 vm section was 
collected onto a glass slide for microscopical evaluation. 
Testosterone metabolism was determined in each layer of the skin punch 
biopsies, using the total biopsy, human hair follicles, hair follicle 
keratlnocytes, skin fibroblasts and hamster skin samples as references. Nine 
areas of radioactivity were observed, representing testosterone and its 
metabolites. Addition of excess progesterone, which is known to inhibit 
5o-reductase activity [12,13], resulted in the formation of androstene-
dione only. This suggests that the other areas of radioactivity represented 
So-reduced metabolites. The different metabolites were conclusively 
identified as described in the Materials and Methods section. It should be 
noted that epiandrosterone/androsterone and testosterone/3j8-androstanediol 
do not always appear completely resolved on the radiograph (chromatographic 
system used: system 1, Materials and Methods). Chromatography of these 
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FIGURE 1. 
Sections taken between the different fractions for histological evaluation. 
(A) Section taken between fraction 2 and 3, showing the epithelial tissue 
of the pilosebaceous ducts in the dermis. (B) Section taken between 
fraction 4 and 5 showing the presence of large sebaceous glands. (C) 
Section taken between fraction б and 7, showing the presence of sweat 
glands. (D) Section taken after fraction 7, showing the presence of 
subcutaneous fat and carboxymethylcellulose (used for the attachment of the 
skin biopsy in the cryostat). 
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Compounds in the two-dimensional chromatography system (system 3) revealed 
however only minor interference (at maximum 5% impurity was detected). 
Λ typical example of the results of testosterone metabolism in 
different layers of the skin biopsies is shown in Figure 2. Quantification 
of the metabolites formed is presented in Table 2. 
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FIGURE 2. 
Autoradlograph of a thin-layer chromatogram with the metabolites extracted 
after incubation with radioactive testosterone (chromatographed in system 1, 
Materials and Methods). (1- 7). Incubation with the pooled fractions of 
two biopsies as designated in Table 1. (8). Incubation with a total skin 
punch biopsy. 
It is evident from these data that the predominant metabolite in the 
epidermal tissue of the skin punch biopsy (layer 1, Table 1) is androstene-
dione (formed by the enzyme П/3-hydroxysteroid dehydrogenase). Moreover, a 
small quantity of Sa-reduced metabolites could be observed. The formation 
of androstenedlone is markedly reduced in the deeper layers of the skin, 
whereas that of the 5a-reduced metabolites is highly increased, suggesting 
a maximum activity of the enzyme 5a-reductase in the layers 4 and 5 
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TABLE 2. Amount (fmol + S.D.) of the different metabolites of testosterone, present In the 
Incubation mixture. 
Fraction number of the sectioned skin biopsy Total 
Metabolite 1 2 3 4 5 6 7 biopsy 
Sdì-AD ION 
ADION 
DHT 
Epl-ARON 
ARON 
3ß-AD10L 
ЗО-АОІОЬ 
ORIGIN 
7+4 
456+93 
31+14 
20+17 
63+22 
84+42 
34+20 
19+11 
29+β 
390+189 
138+18 
97+78 
240+55 
198+33 
42+10 
68+27 
68+19 
289+140 
136+91 
672+263 
471+108 
296+49 
33+10 
150+53 
149+58 
105+92 
135+63 
651+90 
1302+555 
302+116 
28+20 
421+63 
224+33 
88+72 
240+96 
778+304 
996+294 
362+92 
38+27 
604+230 
95+27 
55+39 
315+40 
392+56 
419+30 
418+157 
29+22 
375+132 
37+15 
100+87 
208+7 
264+86 
279+95 
479+185 
44+9 
242+104 
164+14 
87+56 
274+183 
888+227 
1141+274 
499+287 
30+4 
392+39 
Total amount 
50f-reduced 258+49 812+13 1826+463 2988+714 3242+623 2043+482 1553+347 3308+1103 
metabolites 
(Figure IB, containing large sebaceous glands). 
Freshly isolated hair follicles, primarily consisting of sleeves of 
epithelium, converted testosterone mainly to androstenedione (Figure 3, 
Table 3) and formed low cunounts of 5a-reduced metabolites. This matches 
with the metabolic pattern in the epidermal layer of the skin punch biopsy. 
Cultured hair follicle keratinocytes (Figure 3, Table 3) showed a 
testosterone metabolism that is comparable to that of freshly isolated hair 
follicles, with androstenedione as a major metabolite, although a slightly 
higher amount of 5a-reduced metabolites is formed (especially 
androsterone). 
StADION 
ADION 
DHT 
Epi-ARON 
ARON 
Τ 
3/3ADIOL 
SaADlOL 
ORIGIN О О 
1 2 3 4 5 
• f f · • · 
FIGURE 3 . 
Autoradiograph of a thin-layer chromatogram with the metabolites extracted 
after Incubation with radioactive testosterone (chromatographed in system 1, 
Materials and Methods). (1) Blank. (2) Incubation with 10 freshly 
Isolated hair follicles. (3) Incubation with cultured hair follicle 
keratinocytes. (4) Incubation with cultured hair follicle keratinocytes, 
in the presence of excess progesterone (0.3 mM). (5) Incubation with 
cultured human fibroblasts. (6) Incubation with human skin fibroblasts in 
the presence of excess progesterone (0.3 mM). 
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TABLE 3. Amount (Emoi + S.D.) of the different metabolites /v9 DNA, 
present In the Incubation mixture (mean value of 4 
determinations). (1) Freshly isolated hair follicles. (2) 
Cultured hair follicle keratinocytes. (3) Cultured hair follicle 
keratlnocytes with progesterone (0.3 mM). (4) Cultured human skin 
fibroblasts. (5)Cultured human skin fibroblasts with progesterone 
(0.3 mM). 
Metabolite 
50Í-ADI0N 
ADION 
DHT 
Epl-ARON 
ARON 
3|3-ADIOL 
3QÍ-ADIOL 
ORIGIN 
Total amount 
»(-reduced 
metabolites 
61 
324 
22 
9 
29 
9 
0 
θ 
138 
1 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
12 
40 
10 
4 
11 
5 
0 
4 
44 
119 
561 
25 
51 
473 
43 
6 
29 
747 
2 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
51 
364 
14 
13 
116 
15 
3 
17 
186 
6 
719 
2 
1 
2 
0 
0 
0 
11 
3 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
2 
201 
1 
1 
1 
0 
0 
0 
3 
0 
6 
9 
0 
0 
59 
172 
20 
261 
4 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
0 
3 
5 
0 
0 
39 
118 
9 
221 
5 
0 + 0 
7 + 3 
0 + 0 
0 + 0 
0 + 0 
0 + 0 
5 + 2 
0 + 0 
5 + 2 
Cultured skin fibroblasts showed a markedly different testosterone 
metabolism (Figure 3, Table 3), compared to the sectioned skin biopsies or 
the total biopsy specimens. In the fibroblasts predominantly two polar 
metabolites are formed, the most Important one being characterized as 
3a-androstanediol, the other as 3/3-androstanediol. 
Although the sebaceous glands are the major structures in the layers 4 
and 5, other cell-types surrounding the sebaceous glands, predominantly 
fibroblasts and hair follicle cells, could theoretically contribute to the 
high 5e-reductase activity In these layers. Transverse sectioning of the 
skin biopsies was evaluated as an alternative way of sectioning. In order to 
provide skin sections only differing in sebaceous gland size. Morphometrical 
analysis of transverse sections revealed a maximal difference in sebaceous 
gland surface of 20%. Considered the standard error in our metabolic assays 
(+ 30%) this approach did not allow us to localize specific enzyme 
activities. 
Therefore, the testosterone metabolism of the skin punch biopsies was 
compared to that in the male hamster flank organ (the total tissue was used) 
as well as to that in total adjacent hamster skin. The hamster flank organ 
is a well-known animal model for the evaluation of androgenic action on the 
sebaceous glands [4,5]. Morphometrical analysis of the sebaceous gland area 
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revealed a seven times greater area of sebaceous gland structures in the 
largest cross-sections of hamster flank organs in comparison to equal 
cross-sections through adjacent hamster skin (296 + 42 and 41 + 12 
respectively, expressed in arbitrary units, η = 5). The hamster flank organs 
showed a twofold higher formation of 5a-reduced metabolites of 
testosterone as compared to the adjacent hamster skin and a marked decrease 
in the formation of androstenedione (Figure 4, Table 4). These results match 
with the observed elevated level of 5a-reduced metabolites and reduced 
level of androstenedione in the layers 4 and 5 of the skin biopsy specimens, 
when compared to layers 2 and 3 (without large amounts of sebaceous gland 
tissue). 
SUDION Φ φ ^ Φ 
ADION φ φ Щ 
DHT Φ Φ φ 
m m m 
ajíADioI^ Τ Τ Τ Y Y Y 
3^ADioL Φ φ φ m Φ Φ 
ORIGIN О О О О О О 
1 2 3 4 5 6 7 8 
FIGURE 4 . 
Autoradiograph of a thin-layer chromatogram with the metabolites extracted 
after incubation with radioactive testosterone (chromatographed in system 1, 
Materials and Methods). (1 and 8) Blanks. (2,3 and 4) incubation with 
male hamster skin homogenate. (5,6 and 7) Incubation with male hamster 
flank homogenate. 
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336 + ΊΟ 
196 + 35 
245 + 49 
0 + 0 
504 + 28 
686 + 329 
133 + 42 
441 + 133 
70 + 21 
882 + 63 
0 + 0 
784 + 252 
1477 + 238 
294 + 84 
TABLE 4. Amount (fmol + S.D.) of the different metabolites, present In the 
Incubation mixture (mean value of 4 determinations). (1) Male 
hamster skin homogenate. (2) Male hamster flank homogenste. 
Metabolite 
So-ADION 
ADION 
DHT 
Epi-ARON 
ARON 
3j3-ADIOL 
Зо-ADIOL 
Total amount 
5a-reduced 2261 + 234 4116 + 262 
metabolites 
DISCUSSION 
An Increased 5a-reductase activity and subsequent formation of DHT 
has been related to the onset of acne and androgenetlc alopecia [2,3], 
although no sustaining evidence is provided that the detectable elevated 
level of 5a-reductase in skin affected with these disorders is a primary 
cause. 
Our results demonstrate that the highest 5o-reductase activity in 
the sectioned skin biopsies is situated in the layers 4 and 5, comprising 
large sebaceous gland structures (Figure IB). Although the sebaceous glands 
are the major structures in these layers,other structures such as dermal 
tissue and hair follicles, surrounding the sebaceous glands, could 
contribute to the high formation of 5a-reduced metabolites. However, other 
layers (layers 2 and 3) also containing these structures show a much lower 
5o-reductase activity. Moreover, the data given in Table 3 reveal that 
hair follicle keratlnocytes and especially dermal fibroblasts in vitro, two 
main cell-types in the above mentioned layers, have a different testosterone 
metabolism. 
Testosterone metabolism in hair follicles and cultured hair follicle 
keratlnocytes is comparable to that in the epidermal fraction of the skin: 
androstenedione Is the major metabolite. Our results with intact hair 
follicles are in accordance with previous findings [14,15]. 
The cultured dermal fibroblasts metabolize testosterone into two polar 
-133-
5a-reduced metabolites indentified as 3α- and 3|8 -androstanediol. Only 
small amounts of DHT and androstenedlone were found at the end of the three 
hours incubation. In other studies [16-18] a more important formation of DHT 
and androstenedlone was described, however, incubation times were much 
shorter. We have verified (results not shown) that the observed difference 
is due to the difference of incubation times. 
Although 5o-reductase activity in cultured fibroblasts strains may 
increase with serial subcultivation [19,20] it is generally accepted that 
their metabolic profile gives an Indication of the in vivo situation, if the 
cells are used before the 15th passage [21]. Therefore the results with 
these cells and those with cultured and freshly isolated hair follicle cells 
strongly support the view that a major aprt of 5o-reductase activity in 
the skin must be ascribed to the sebaceous gland tissue. This hypothesis is 
not new but it was previously based on studies on microdissected sebaceous 
glands from various body sites [22,23]. In our study several tissues of the 
skin are enriched from one single biopsy allowing comparison between tissues 
and not only between one microdissected tissue and total skin. It is not the 
only androgen metabolizing enzyme predominantly localized in the sebaceous 
gland, other workers reported that 3/3 -hydroxysterold dehydrogenase is 
specifically located in sebaceous glands [24,25]. On the basis of these 
findings the latter authors hypothesized that elevated 5a-reductase in 
acne would be a result of sebaceous gland enlargement. Our results provide 
new evidence for this supposition. 
Testosterone metabolism in the total hamster flank organ, determined 
under the same experimental conditions as that in the sectioned human skin 
punch blosples revealed a similar difference in metabolic pattern, in 
comparison to adjacent hamster skin, as that in layers containing and not 
containing large sebaceous glands (demonstrating that at least in this 
species fibroblast heterogeneity does not play a role In determining 
5a-reductase in several layers of the skin). 
These results therefore provide further evidence that the elevated 
5a-reductase activity in the layers 4 and 5 must be mainly ascribed to the 
sebaceous glands. 
The 4-5 fold higher formation of DHT in the hamster flanks is in 
accordance to results of others: Takayasu & Adachi [4] reported a high 
formation of DHT in sebaceous glands of hamster skin. 
In some studies a very high 5a-reductase activity was found in the 
sweat glands, especially the apocrine glands from axillayr skin. The more 
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commonly distributed eccrine glands present deep in the dermal tissue of 
almost every body site, however showed a much lower 5o-reductase activity, 
explaining the more moderate 5a-reductase activity of the sweat gland 
containing zone (layer б and 6, Figure 1С) in our studies. It must be 
stressed that our data originate from sectione skin punch biopsies otalned 
from the scalp region of balding men and could reflect this pathological 
situation. 
IN CONCLUSION: our study shows that one single biopsy specimen allows the 
evaluation and localization of testosterone metabolizing enzymes. This 
approach allows to relate biochemical parameters to morphological features. 
Since refinement of the techniques are efasible further studies will be of 
value in analyzing the patho-physiology of local androgen hypersensitivity 
syndromes like acne, hirsutism and androgenetic alopecia. 
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SUMMARY 
The most current application of the human hair follicle In biomedical 
research is its use as an easily accessible enzyme source for the diagnosis 
of inborn errors of metabolism. Phosphoglycerate Kinase (PGK) deficiency is 
such an enzyme disorder, and it is inherited in a recessive X-llnked way. It 
is demonstrated that PGK is expressed in human hair follicles and, moreover, 
that PGK deficiency can be determined in hair follicles. Due to the fact 
that most hair follicles are of clonal origin and therefore transcribe only 
one X-chroraosome, the identification of female carriers will be highly 
facilitated since overlap with controls will not occur (Chapter 2). 
In processes of malignant transformation or abnormal differentiation, 
causing a variety of pathological situations, a biochemical and genetic 
basis Is not so straightforward. The majority of malignant cell 
transformations resulting in neoplasias is caused by adverse effects of 
environmental factors (including chemical carcinogens), whereas genetic 
factors seem to influence the individual susceptibility to tumor 
development. This can be illustrated by the fact that bronchogenic 
carcinoma, which is causally related to cigarette smoking (a sum of adverse 
chemical and physical effects) will not develop in every smoker. If genetic 
factors involved in the carcinogenic process could be correlated to a 
distinct biochemical process, it would open up the possibility to subdivide 
the human population into groups with different susceptibilities to tumor 
formation. Evidence from animal studies has shown that genetically 
determined differences of enzyme activities (especially aryl hydrocarbon 
hydroxylase), involved in the metabolism of chemical carcinogens, may be 
related to the individual susceptibility to chemical carcinogenesis. Since 
most tumors arise in epithelial tissues, the human hair follicle has been 
introduced as an in vitro human model of epithelial origin for the 
assessment of interindividual differences in the metabolism of 
benzo(a)pyrene ( as a model substance for polycyclic aromatic hydrocarbon-
induced chemical carcinogenesis), since the relative amounts of 'ultimate 
carcinogens' in mammalian cells are a result of the delicate balance between 
toxifying and detoxifying routes a rapid high performance liquid 
chromatographic (HPLC) method was developed for the determination of all 
major groups of organic solvent-soluble [ H]-benzo(a)pyrene metabolites 
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generated In Incubations with freshly Isolated hair follicles or cultured 
hair follicle keratinocytes. Hair follicles produced all major metabolites 
of benzo(a)pyrene, e.g. phenols, quiñones, dlhydrodiols, and possibly even 
tetrols (Chapter 3). 
The above mentioned HPLC methodology was employed for the comparison 
of the benzo(a)pyrene metabolism in cultured human bronchial epithelial 
cells (which are one of the primary target tissues for polycycllc aromatic 
hydrocarbon-induced chemical carcinogenesis) and hair follicle 
keratinocytes. The metabolic pattern in both epithelial cell-types was shown 
to be comparable (Chapter 4). In comparison with the reported benzo(a)pyrene 
metabolism in human lymphocytes and monocytes, two frequently used human 
biopsy tissues for investigations on the individual susceptibility to tumor 
development. Important differences emerged. The bronchial epithelial cells 
and hair follicle keratinocytes formed dlhydrodiols as major metabolites, 
whereas phenols were reported as the major metabolites in lymphocytes and 
monocytes. Furthermore, the formation of 9,10-dlhydrodlol exceeded the 
formation of 7,8-dlhydrodlol (the direct precursor of the 'ultimate 
carcinogen'; T,e-diol-9,10-epoxlde) by a factor 2, whereas a reverse 
situation was reported for lymphocytes and monocytes. 
Although the major organic solvent-soluble benzo(a)pyrene metabolites 
can be determined with this HPLC methodology, no information is available on 
the conjugatlve pathways of polycycllc aromatic hydrocarbons in the cell. 
Glutathione transferase is one of the major conjugatlve enzymes In the cell 
and is able to detoxify the 'ultimate carcinogens' of benzo(a)pyrene, i.e. 
the dlol-epoxldes. 
A sensitive fluorometric method was therefore developed for the 
determination of glutathione-transferase with a benzo(a)pyrene metabolite as 
substrate (benzo(a)pyrene-4,5-oxide); Chapter 5. This technique was used to 
determine the basal and induced glutathione transferase activities in 
freshly Isolated and cultured hair follicles (Chapter 6). It was 
demonstrated that no induction of glutathione transferase in hair follicle 
keratinocytes could be observed under experimental conditions inducing 
benzo(a)pyrene metabolism. This indicates that only differences in basal 
levels of glutathione transferase may contribute to an individual 
susceptibility for tumor formation. Experiments described in Chapter 6 
indicate that the ratio between the formation of phenols and dlhydrodiols in 
murine cells remains constant after induction, whereas this is not the case 
In cells of human origin. These experiments were repeated with different 
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strains of mice (CaHz, C57BI10, DBA/2) and many individuals 
(Dijkstra, Vromans, Vermeesch-Markslag, Goos, Vermerken, paper in 
preparation). 
Comparison of the formation of phenols and dihydrodiols in freshly 
Isolated hair follicles demonstrated that no correlation between the formed 
amount of these two groups of benzo(a)pyrene metabolites could be observed 
(Chapter 7). These findings indicate that if one of these groups of 
metabolites plays an important role in the carcinogenic effect of polycycllc 
aromatic hydrocarbons, the measurement of one of these groups of metabolites 
can not be replaced by the other in assessing the individual susceptibility 
for polycycllc aromatic hydrocarbon-induced chemical carcinogenesis 
We may therefore conclude that in murine cells aryl hydrocarbon 
hydroxylase induction is an indicator for the induction of total 
benzo(a)pyrene metabolism, and therefore also for the formation of the 
ultimate carcinogens (diol-epoxides), whereas in human cells the formation 
of the amount of diol-epoxides cannot be predicted on the basis of aryl 
hydrocarbon hydroxylase inducibility. Our results explain why the 
predictability of susceptibility to polycycllc aromatic hydrocarbon-induced 
carcinogenesis on the basis of aryl hydrocarbon hydroxylase induclblllty In 
mice could not be repeated in the human situation. In fact, many 
contradictory reports about this topic have emerged in the literature. The 
present work allows the understanding of the above mentioned differences 
between the situation In mice and men and enables the formulation of a new 
rationale for the determination of polycycllc aromatic hydrocarbon-Induced 
carcinogenesis in humans. 
Abnormal epidermal differentiation is of practical clinical 
importance. Recessive X-linked ichthyosis is a disease of epidermal 
differentiation that finds Its basis in an aberrant steroid metabolism. The 
enzyme steroid sulfatase Is either lacking or not functioning. Since several 
studies have shown a simultaneous deficiency of arylsulfatase С and steroid 
sulfatase it has been hypothesized that both enzymes are identical. In human 
hair follicles, however, hydrolytic activity for 4-methylumbelliferone 
sulfate, a substrate for arylsulfatase С is found, while dehydroepi-
androsterone sulfate, a substrate for steroid sulfatase, is not hydrolysed 
at all. These findings suggested the possible existence of two different 
enzymes. In Chapter θ structure-activity studies and molecular energy 
calculations are described for the demonstration that the remaining 
sulfatase activity in hair follicles of patients with recessive 
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X-llnked Ichthyosis can be explained on the basis of the assumption that the 
enzyme has not lost its total function but has become less efficient. 
Androgen dependent skin disorders, such as for example seborrhoea, 
acne, hirsutism and androgenetic alopecia are all related to an abnormal 
differentiation of skin appendages. It is evident that understanding of 
androgen metabolism is of crucial importance for the elucidation of the 
mechanism of androgen-induced cellular differentiation. Molecular aspects 
involved in androgen action are enzymatical conversion of the major 
circulating androgen (testosterone) into the active androgen 
(5a-dihydrotestosterone) by the enzyme 5a-steroid reductase and 
interaction of 5o-dihydrotestosterone with the androgen receptor. 
In Chapter 9 several known antiandrogens are compared on the basis of 
these molecular actions. Moreover, comparison of their effect in a model in 
intact animals (the hamster flank organ test) reveals the importance of both 
molecular mechanisms in obtaining antiandrogenic effects. 
In several of the above-mentioned androgen-dependent disorders, an 
increased level of total skin 5e-reductase activity has been claimed to be 
a pathophysiological factor. Since in all androgen-dependent disorders, skin 
organelles differentiate to a different extent it is important to verify 
whether the abnormal metabolic parameter is a primary phenomenon or simply 
reflects different levels of differentiation of specific cell-types In the 
skin. The most dramatic change in acne, seborrhoea as well as in 
androgenetic alopecia is the enormous enlargement of the sebaceous glands. 
We therefore decided to investigate the localization of 5o-reductase in 
skin, paying special attention to the sebaceous gland. We were able to show 
that the major part of 5a-reductase activity is indeed located in 
sebaceous tissue (Chapter 10). This knowledge has Important consequences. 
Other factors than 5a-reductase per se must be responsible for the initial 
event stimulating the enlargement of the sebaceous gland. Our recent studies 
(to be published) show that not only 5o-reductase, but also another 
NADPH-dependent enzymatical transformation (3o-hydroxysteroid dehydro-
genase) is increased in tissues hyperreactive to androgens. Hence, it may 
well be that the activity of glucose-6-phosphate dehydrogenase (the key 
enzyme responsible for NADPH formation) Is important in determining the 
reaction of cells to the androgenetic stimulus. 
A second important consequence of our findings is related to the 
relatively Important size of the skin, which represents one of the largest 
organs of the body, steroid metabolism In skin has, therefore always been 
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considered quantitatively Important In relation to total body steroid 
metabolism. In seborrhoea. sebaceous glands are Increased In size all over 
the body. Therefore, levels of circulating 5a-androstanedlol, a steroid 
that can be converted perlpherlcally to 5o-dlhydrotestosterone. will 
probably be Increased. Diminution of the size of all the sebaceous glands, 
that can be obtained by the oral administration of 13-cis-retlnolc acid, may 
therefore diminish the level of circulating 5a-reduced steroids and 
consequently have an antlandrogenlc effect. In general, one may claim that 
our work for the first time point to the possible Importance of Influencing 
cellular differentiation of the sebaceous gland as a means to obtain a 
required shift In androgen metabolism. 
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SAMENVATTING 
De meest frequente toepassing van de menselijke haarwortel in de 
biomedische wetenschappen is het gebruik als een gemakkelijk toegankelijke 
bron van enzymen voor de diagnose van erfelijke enzymopathieën. 
Phosphoglyceraat-kinase deficiëntie is zo'n stofwisselingsziekte, 
resulterend in hemolytische anemie en een lichte vorm van zwakzinnigheid. 
Deze enzymopathle wordt X-chromosomaal recessief overgeërfd. In Hoofdstuk 2 
wordt aangetoond dat phosphoglyceraat-kinase tot expressie komt in 
haarwortels en dat bovendien phosphoglyceraat-kinase deficiëntie kan worden 
gediagnostiseerd met behulp van haarwortels. Omdat de meeste haarwortels van 
clonale oorsprong zijn, waardoor slechts één van de twee X-chromosomen van 
de vrouw tot expressie komt, vergemakkelijkt de bepaling van 
phosphglyceraat-kinase in individuele haarwortels de identificatie van 
dragers van deze stofwisselingsziekte, omdat geen overlap in enzymactiviteit 
met controles zal optreden. 
In tegenstelling hiermee is de biochemische en/of genetische basis in 
processen van maligne celtransformatie en abnormale celdifferentiatie, 
resulterend in een veeltal van pathologische aandoeningen, vaak niet bekend. 
De haarwortel is naar voren gebracht als een gemakkelijk biopsie weefsel 
voor onderzoek naar de biochemische en/of genetische grondslagen van deze 
afwijkingen. 
Men neemt aan dat de meeste maligne celtransformaties veroorzaakt 
worden door omgevingsfactoren (waaronder blootstelling aan chemische 
carcinogenen), terwijl genetische factoren van invloed zijn op de 
individuele gevoeligheid voor het krijgen van timoren. Zo ontwikkelt zich 
longcarcinoma, causaal gerelateerd aan het roken van sigaretten (met zowel 
negatieve fysische als chemische factoren), niet in iedere roker. Indien de 
genetische factoren, die betrokken zijn bij de individuele gevoeligheid voor 
het krijgen van tumoren, gerelateerd kunnen worden aan een biochemisch 
proces, dan zou dit de mogelijkheid bieden de menselijke populatie onder te 
verdelen in risico groepen. Dierexperimenten hebben inmiddels aangetoond dat 
genetisch vastgelegde verschillen in enzym-activiteiten betrokken bij het 
metabolisme van chemische carcinogenen in de cel (met name het enzym aryl 
koolwaterstof hydroxylase) bepalend kunnen zijn voor de gevoeligheid voor 
het ontstaan van tumoren. Omdat de meeste humane tumoren ontstaan in 
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epltheel weefsel (de zgn. carcinoma's) Is de menselijke haarwortel gebruikt 
als een In vitro model van epitheliale oorsprong voor onderzoek naar 
Individuele verschillen In het metabolisme van benzo(a)pyreen (een model 
verbinding uit de groep van de polycyclische aromatische koolwaterstoffen). 
Omdat de hoeveelheid 'ultimate carcinogens' in een cel het resultaat 
is van de delicate balans tussen toxificicerende en detoxificerende metabole 
routes, is een hoge druk vloeistof chroraatografische methode ontwikkeld voor 
de bepaling van alle belangrijke organisch-oplosbare metabolieten van 
benzo(a)pyreen. Na incubatie van vers geplukte haarwortels of gekweekte 
haarwortelcellen met benzo(a)pyreen is gebleken dat alle belangrijke 
metabolieten worden gevormd; nl. dihydrodiolen, phenolen. quinonen en 
waarschijnlijk ook tetrolen (Hoofdstuk 3). Deze hoge druk vloeistof 
chromatografie methodiek is vervolgens gebruikt om het benzo(a)pyreen 
metabolisme van gekweekte humane long-epitheelcellen (een van de 
belangrijkste weefsels waarin door polycyclische aromatische kool-
waterstoffen veroorzaakte tumoren ontstaan) en gekweekte haarwortel-
keratinocyten te onderzoeken. Het blijkt dat belde typen epltheel een 
overeenkomstig benzo(a)pyreen metabolisme vertonen (Hoofdstuk 4). Er komen 
belangrijke verschillen naar voren bij het vergelijken van dit metabolisme 
met het In de literatuur beschreven metabolisme in humane lymfocyten en 
monocyten, twee celtypen die vaak gebruikt worden in het onderzoek naar de 
individuele gevoeligheid voor epitheliale tumoren (en in het bijzonder 
bronchus carcinoma). De long-epitheel cellen en de haarwortelkeratinocyten 
vormen als belangrijkste metabolieten de dihydrodiolen, terwijl juist de 
phenolen de belangrijkste metabolieten zijn In lymphocyten en monocyten. 
Bovendien is de vorming van 9,10-dihydrodiol een factor twee hoger dan de 
vorming van 7,8-dihydrodiol, terwijl een omgekeerde situatie is 
gerapporteerd voor lymphocyten en monocyten. 
Alhoewel alle belangrijke organisch-oplosbare metabolieten van 
benzo(a)pyreen bepaald kunnen worden met behulp van deze HPLC methodiek 
levert dit geen informatie op omtrent de conjugatie van polycyclische 
aromatische koolwaterstoffen in de cel. Glutathion transferase is in dit 
verband een van de belangrijkste enzymen in de cel, en is in staat de 
dlol-epoxiden, de zgn. 'ultimate carcinogens' te detoxifleeren. Een 
gevoelige fluorimetrische bepaling is ontwikkeld om de activiteit van 
glutathion transferase te bepalen met als substraat een benzota)pyreen 
metaboliet, benzo(a)pyreen-4,5-oxide (Hoofdstuk 5). Deze methode is gebruikt 
om de basale en geïnduceerde (na blootstelling aan polycyclische aromatische 
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koolwaterstoffen) activiteit van glutathion transferase te bepalen In vers 
geplukte haarwortels en gekweekte haarwortelkeratlnocyten. Het blijkt dat 
geen Inductie van glutathion transferase plaatsvindt in haarwortels, onder 
experimentele omstandigheden die wel aryl koolwaterstof hydroxylase 
induceren (Hoofdstuk 6). Dit duldt erop dat alleen een basaal niveau van het 
enzym glutathion transferase van belang kan zijn bij de individuele 
gevoeligheid voor het onstaan van tumoren door polycyclische aronatische 
koolwaterstoffen. Tevens blijkt uit de experimenten beschreven in Hoofdstuk 
6 dat de ratio tussen de vorming van phenolen en dihydrodiolen van 
benzo(a)pyreen in muizecellen gelijk blijft na inductie, terwijl dat niet 
het geval is voor cellen van humane oorsprong (m.a.w. is na inductie zowel 
de activiteit van aryl koolwaterstof hydroxylase als epoxide hydrolase in 
muizecellen vehoogd, terwijl dit niet het geval is in cellen van humane 
oorsprong). Deze experimenten zijn herhaald met verschillende muizestammen 
(CÏHZ, C57Blio en DBA/2) en vele personen (Dijkstra, Vromans. 
Vermeesch-Narkslag, Goos & Vermorken. paper in preparation). Een 
vergelijking tussen de vorming van phenolen en dihydrodiolen in vers 
geplukte haarwortels toont aan dat er geen correlatie waar te nemen valt 
tussen de gevormde hoeveelheid van deze twee groepen van benzo(a)pyreen 
metabolieten (Hoofdstuk 7). Dit duidt erop dat, indien een van deze twee 
groepen van metabolieten een belangrijke rol speelt in het carcinogene 
effect van benzo(a)pyreen, de bepaling van de ene groep niet te vervangen is 
door bepaling van de andere groep van metabolieten in de opheldering van de 
Individuele gevoeligheid voor polycyclische aromatische koolwaterstoffen 
geïnduceerde chemische carcinogenese. 
We mogen concluderen dat in muizecellen inductie van aryl 
koolwaterstof hydroxylase een indicator is voor de inductie van het totale 
benzota)pyreen metabolisme en dus ook voor de vorming van de diol-epoxides, 
terwijl in menselijke cellen de vorming van de diol-epoxides niet voorspeld 
kan worden op basis van de induceerbaarheid van aryl koolwaterstof 
hydroxylase. Onze resultaten verklaren waarom de voorspelling over de 
gevoeligheid voor chemische carcinogenese op basis van aryl koolwaterstof 
hydroxylase induceerbaarheid in muizen niet herhaald kon worden voor de 
menselijke situatie. In de literatuur is veel elkaar tegensprekend onderzoek 
hierover verschenen. Het huidig onderzoek geeft een verklaring voor de 
bovengenoemde verschillen tussen muis en mens en maakt een nieuwe rationale 
mogelijk voor polycyclische aromatische koolwaterstoffen geïnduceerde 
chemische carcinogenese in de mens. 
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Abnormale differentiatie in epitheel speelt een belangrijke rol in de 
dermatologie en zoals al gezegd is de haarwortel een gemakkelijk 
verkrijgbaar biopsie weefsel van epitheliale oorsprong voor onderzoek naar 
de grondslagen in deze ziektes. Recessief X-chromosomaal gebonden ichthyosis 
is een ziekte voortvloeiend uit een abnormale epidermale differentiatie en 
heeft zijn grondslag in een afwijkend steroid metabolism. Het enzym steroid 
sulfatase is namelijk afwezig of niet functioneel. Omdat verschillende 
studies een gelijktijdige deficiëntie van het enzym arylsulfatase С en 
steroid sulfatase aantoonden is erover gespeculeerd of belde enzymen 
identiek zijn. In menselijke haarwortels, echter, is een hydrolytische 
activiteit voor 4-methylumbelliferon sulfaat gevonden, een substraat voor 
arylsulfatase C, terwijl dehydroepiandrosteron sulfaat, een substraat voor 
Steroid sulfatase helemaal niet gehydrolyseerd werd. Deze bevindingen 
suggereren de mogelijke aanwezigheid van 2 verschillende enzymen. In 
hoofdstuk θ wordt met behulp van structuur-activiteit studie's en 
moleculaire energie berekeningen aangetoond dat de overgebleven sulfatase 
activiteit in haarwortels van patiënten met recessief X-chromosomaal 
gebonden ichthyosis verklaard kan worden op basis van de aanname dat het 
enzym niet zijn totale werking heeft verloren, maar slechts minder efficient 
is geworden. 
Ändrogenen-afhankelijke huidafwijkingen, zoals seborrhoea, acné, 
hirsutisme en alopecia androgenica zijn allemaal gerelateerd aan abnormale 
differentiatie van huidorganellen. Het is duidelijk dat het begrijpen van 
het metabolisme van androgenen van essentieel belang is voor de opheldering 
van het mechanisme van androgeen-geïnduceerde cellulaire differentiatie. 
Moleculaire aspecten betrokken bij de werking van androgenen zijn 
enzymatische omzetting van het belangrijkste circulerend androgeen 
(testosteron) in het actieve androgeen (5o-dehydrotestosteron) door het 
enzym 5a-steroid reductase en interactie van 5o-dehydrotestosteron met 
de cellulaire androgeen receptor. 
In Hoofdstuk 9 worden verschillende bekende antiandrogenen vergeleken 
op basis van deze moleculaire mechanismen. Bovendien, vergelijking van hun 
effect in een model met intacte dieren ('hamster flank organ test') toont 
het belang aan van beide moleculaire mechanismen in het verkrijgen van een 
antl-androgeen effect. 
In verschillende van de bovengenoemde androgeen-afhankelijke huid-
afwijkingen wordt een verhoogd niveau van 5a-reductase activiteit in de 
huid gezien als een pathofysiologische factor. Omdat in alle androgeen-
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afhankelijke huldaEwijkingen, huidorganeHen tot een verschillend niveau 
differentiëren, is het belangrijk om te bepalen of deze abnormale metabole 
activiteit een primair fenomeen is of alleen het gevolg is van een 
verschillend niveau in differentiatie van specifieke celtypen in de huid. De 
meest dramatische verandering in acné, seborrhoea en alopecia androgenica is 
de enorme vergroting van de talgklleren. We hebben daarom onderzoek gedaan 
naar de localisatie van het enzym 5o-steroid reductase in de huid, waarbij 
extra aandacht geschonken is aan de talgklleren. We zijn in staat geweest 
aan te tonen dat het grootste deel van 5a-steroid reductase activiteit 
inderdaad gelocaliseerd is in het talgklierweefsel (Hoofdstuk 10). Deze 
bevinding heeft belangrijke consequenties. Andere factoren dan 5a-steroid 
reductase moeten verantwoordelijk worden gesteld voor de eerste stap die 
leidt tot de vergroting van talgklleren. Onze meest recente (nog te 
publiceren) studies tonen aan dat niet alleen 5a-reductase, maar ook een 
ander NADPH-afhankelijke enzymatische omzetting (3o-hydroxysteroid 
dehydrogenase) verhoogd is in weefsels die extra gevoelig zijn voor 
androgenen. Het is daarom voorstelbaar dat de activiteit van 
glucose-6-fosfaat dehydrogenase (het sleutelenzym in de vorming van NADPH) 
een belangrijke rol kan spelen in de reactie van cellen op een androgene 
stimulus. 
Een tweede belangrijke consequentie van onze bevinding is gerelateerd 
aan de enorme omvang van de huid, die een van de grootste organen van het 
lichaam vormt. Metabolisme van Steroiden in de huid is daarom altijd 
beschouwd als quantitatief belangrijk in het steroid metabolisme van het 
gehele lichaam. In seborrhoea zijn de talgklleren over het hele lichaam 
vergroot. Daarom zal het niveau van 5a-androstanediol, een steroid dat 
perifeer omgezet kan worden tot 5o-dihydrotestosteron, vermoedelijk 
verhoogd zijn. Verkleining van alle talgklleren, wat bereikt kan worden door 
de orale toediening van 13-cls-retinoic acid, zou het niveau van 
circulerende 5o-gereduceerde Steroiden verlagen en zodoende een 
antl-androgeen effect bewerkstelligen. In het algemeen mag worden gesteld 
dat ons onderzoek voor de eerste keer wijst op het belang van het 
beïnvloeden van cellulaire differentiatie van de talgklier als een 
mogelijkheid om een verandering te bewerkstelligen in het metabolisme van 
androgenen. 
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I. 
Het optreden van een verhoogde tumorincidentie in de lever van B6C3F muizen 
in de gebruikelijke 2-jaars carcinogenlteits-studies, is als een 
alleenstaand gegeven onvoldoende reden een ernstige restrictie van 
blootstelling van de mens aan de geteste stof door te voeren. 
Doul J (1987) Arch Toxicol suppl 10, 3-9. 
II. 
De ontwikkeling van zgn. "short-term" testen voor de detectie van 
"tumor-promoting substances" verdient meer aandacht in plaats van het steeds 
verder uitbreiden van het reeds grote aantal short-term 
genotoxiciteitstesten. 
JARC monograph (1986) vol 39. 
III. 
De door Meyer et al. beschreven desulfatering van 4-methylurabelliferon 
sulfaat staat niet in verhouding tot de toegediende hoeveelheid substraat. 
Heyer, Grundman & Schneider (1979) Arch Dermatol Res 266, 95-97. 
IV. 
De veel gebruikte toepassing van atopie als een factor bij de selectie van 
werknemers die in aanraking kunnen komen met allergene verbindingen lijkt 
niet gerechtvaardigd. 
Slovak AJM £ Will RN (1987) Br J Ind Med 44, 129-132. 
V. 
Minty et al. hebben bij hun constatering, dat de expressie van hartspier 
actine toeneemt in C.C.- cellen bij in vitro myogenese, verzuimt om de 
expressie ook op eiwitniveau the analyseren. 
Minti/ A, Blau H & Kedes L (1986) Holec Cell Biol 6, 2137-2148. 
VI. 
De veronderstelling van Cruse dat Н-bruggen een bindende interactie vormen 
tussen de pseudo-ureumrIngen van twee diflubenzuron moleculen in hun 
monokliene kristalstructuur is niet erg aannemelijk. 
Cruse HBT (1978) Acta Cryst 34, 2904-2906. 
VII. 
De verschillen in zuiverheidseisen van een product geproduceerd m.b.v. 
recombinant DNA technologie en een "conventioneel" biologisch product, 
geïsoleerd uit bijvoorbeeld humane urine, zijn niet realistisch. 
VIII. 
De nieuwe EEG richtlijnen voor een harmonisatie van registratieprocedures 
van geneesmiddelen, betekenen allerminst de totstandkoming van de zo 
gewenste "uniforme Europese geneesmiddelen-registratie". 
IX. 
Het begrip trichollomanie kan ook gebruikt worden om wetenschappers die zich 
bezighouden met haarwortelonderzoek te typeren. 



